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VARIABLE STARS IN THE UNUSUAL, METAL-RICH GLOBULAR CLUSTER NGC 6388 
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ABSTRACT 

We have undertaken a search for variable stars in the metal-rich globular cluster NGC 6388 using time-series 
BV photometry. Twenty-eight new variables were found in this survey, increasing the total number of variables 
found near NGC 6388 to ~ 57. A significant number of the variables are RR Lyrae (~ 14), most of which 
are probable cluster members. The periods of the fundamental mode RR Lyrae are shown to be unusually long 
compared to metal-rich field stars. The existence of these long period RRab stars suggests that the horizontal 
branch of NGC 6388 is unusually bright. This implies that the metallicity-luminosity relationship for RR Lyrae 
stars is not universal if the RR Lyrae in NGC 6388 are indeed metal-rich. We consider the alternative possibility 
that the stars in NGC 6388 may span a range in [Fe/H]. Four candidate Population II Cepheids were also found. If 
they are members of the cluster, NGC 6388 would be the most metal-rich globular cluster to contain Population II 
Cepheids. The mean V magnitude of the RR Lyrae is found to be 16.85 ±0.05 resulting in a distance of 9.0 to 
10.3 kpc, for a range of assumed values of (My) for RR Lyrae. We determine the reddening of the cluster to be 
E(B-V) = 0.40 ± 0.03 mag, with differential reddening across the face of the cluster. We discuss the difficulty in 
determining the Oosterhoff classification of NGC 6388 and NGC 6441 due to the unusual nature of their RR Lyrae, 
and address evolutionary constraints on a recent suggestion that they are of Oosterhoff type II. 

Subject headings: Stars: variables: RR Lyrae stars; Galaxy: globular cluster: individual (NGC 6388) 



1. INTRODUCTION 

NGC 6388, at [Fe/H] = -0.60 ±0.15 (Armandroff & Zinn 
1988), is slightly more metal-rich than 47 Tucanae (NGC 104). 
One would therefore expect that the color-magnitude diagram 
(CMD) of NGC 6388 would show a stubby red horizontal 
branch (HB) characteristic of metal-rich globular clusters such 
as 47 Tuc. Alcaino (1981) found that NGC 6388 contains a 
strong, red HB component in addition to a small number of 
stars blueward of the red HB. Hazen & Hesser (1986) discov- 
ered a number of variables within the tidal radius of NGC 6388 
in addition to those previously found (Lloyd Evans & Menzies 
1973, 1977). They found that as many as 6 of these variables 
were RR Lyrae (RRL) and were likely cluster members. At the 
time, this made NGC 6388 the most metal-rich globular clus- 
ter known to contain RRL. In a more recent study, Silbermann 
et al. (1994) presented (V, B-V) and (V, V-R) CMDs which 
confirmed Alcaino's previous finding that NGC 6388 contains 
a weak blue HB component. An additional 3 RRL were found 
in their survey along with 4 suspected variables. Unfortunately, 
their data were obtained under seeing conditions not favorable 
for observing variable stars in such a crowded environment. 

Rich et al. (1997), using Hubble Space Telescope (HST) ob- 



servations, discovered that the CMD of NGC 6388 actually has 
a pronounced blue HB component, which stretches across the 
location of the instability strip. The presence of hot HB stars 
in NGC 6388 was originally suggested by Rich, Minniti, & 
Liebert (1993) on the basis of integrated-light observations in 
the UV. Not only does the HB have a blue component, but it 
also slopes upward as one goes blueward in a (V, B-V) CMD. 
NGC 6388 is not, however, unique in these characteristics: As 
we noted in Pritzl et al. (2001; hereafter Paper I), Rich et al. 
showed that the CMD of the relatively metal-rich globular clus- 
ter NGC 6441 has a similar HB morphology. It has long been 
known that the HB morphology of globular clusters does not 
correlate perfectly with [Fe/H] and that at least one parameter 
besides [Fe/H] is needed to account for this (Sandage & Wildey 
1967; van den Bergh 1967). NGC 6441 and NGC 6388 are 
the only metal-rich globular clusters known to exhibit this sec- 
ond parameter effect. Very recently, the presence of a blue HB 
component was suggested also for the metal-rich globular clus- 
ter Terzan 5 (Cohn et al. 2002), a cluster which has also been 
found to contain a long-period RRL (Edmonds et al. 2001). 

A number of possible explanations for the unusual nature 
of the HBs in NGC 6388 and NGC 6441 have been proposed 
(Sweigart & Catelan 1998; Sweigart 1999, 2002; Paper I; Rai- 
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mondo et al. 2002). Several of these theoretical explanations 
predict that the HBs in these clusters are unusually bright, 
which would imply unusually long periods for their RRLs. It 
has already been shown that NGC 6441 contains a number of 
RRL with unusually long periods (Layden et al. 1999; Paper I). 

In this paper we report new B and V photometry of 
NGC 6388 which has led to the discovery of additional variable 
stars. Preliminary results from these observations have already 
been used to argue that the RRLs in NGC 6388 are unusually 
bright for the cluster metallicity (Pritzl et al. 2000). Here we 
present the results of the new study in detail and call attention 
to several unusual properties of RRLs in NGC 6388 while not- 
ing the similarities and differences to NGC 6441. 

2. OBSERVATIONS AND REDUCTIONS 

NGC 6388 was observed in conjunction with NGC 6441 (see 
Paper I for detailed discussion on the observations and reduc- 
tions). Time series observations of NGC 6388 were obtained 
at the 0.9 m telescope at Cerro Tololo Inter-American Obser- 
vatory (CTIO) using the Tek 2K No. 3 CCD detector with a 
field size of 13.5 arcmin per side. Time series observations of 
NGC 6388 were obtained on the UT dates of May 26, 27, 28, 
and 29, and June 1, 2, 3, and 4, 1998. Exposures of 600 seconds 
were obtained in both B and V filters. The seeing ranged from 
1.1 to 2.5 arcsec, with a typical seeing of 1.4 arcsec. 

Landolt (1992) and Graham (1982) standard stars were ob- 
served on June 1, 2, and 3. These primary standard stars 
spanned a color range from B-V = 0.024 to 2.326 mag, ad- 
equate to cover the color range of the reddened stars in 
NGC 6388. Primary standards were observed between air- 
masses 1.035 and 1.392. Only the night of June 1 was pho- 
tometric, but standards observed on the nonphotometric nights 
were incorporated in the reductions using the "cloudy" night 
reduction routines created by Peter Stetson (private communi- 
cations). 

Instrumental magnitudes v and b for the NGC 6388 stars 
were transformed to Johnson V and B magnitudes using Stet- 
son's TRIAL package. 71 local standards within the NGC 6388 
field were used to set the frame-by-frame zero-points for the 
cluster observations. Because NGC 6388 was observed to 
higher airmass than the Landolt (1992) and Graham (1982) 
standards, the local standards were also used to check the 
adopted values of the extinction coefficients for the night of 
June 1 . The observations of the local standards confirmed the 
values of the extinction coefficients determined from the pri- 
mary standards. Transformation equations derived from the 
standard stars had the form: 

v = V-0.006(fi-V) + 0.159(X-1.25) + Cv (1) 

b = B + 0. 105 (B-V) + 0.243 (X- 1 .25) + C B (2) 

where X is the airmass and Cy and Cb are the zero-point shifts 
for their respective filters. Comparing the transformed mag- 
nitudes of the standard stars with the values given by Graham 
and Landolt, we find rms residuals of 0.018 magnitudes in V 
and 0.006 magnitudes in B. 

The photometry of stars in the NGC 6388 field could be 
compared with photometry in three earlier studies, as shown 
in Table 1 . First, we compared our photometry to the photo- 
electric photometry of a number of the standard stars in the 
field of NGC 6388 obtained by Alcaino (1981). Alcaino re- 
ported that photometry for 1 1 of the 26 stars used to calibrate 



his NGC 6388 data was found to be in good agreement with 
independent unpublished observations by K. C. Freeman. We 
were able to use 14 stars from Table I in Alcaino for compar- 
ison. The difference between our data set and that of Alcaino 
is somewhat large, which may result from only being able to 
compare our photometry to the fainter Alcaino standard stars. 

A large number of comparisons could be made with the CCD 
photometry of Silbermann et al. (1994). We first matched the 
position of the stars in Table 3 of Silbermann et al. with our 
data. A number of discrepant values were found. With no im- 
age to compare from Silbermann et al., it is difficult to ascertain 
whether these stars were crowded or not. However, the majority 
of the magnitudes were in good agreement with our data. 

A comparison to the HST B, V photometry obtained by Rich 
et al. (1997) of NGC 6388 was also made. Due to the com- 
pact nature of NGC 6388 it was difficult finding a large number 
of uncrowded stars on the images obtained at CTIO to com- 
pare with those found using the HST data, which looked only 
at the inner regions of the cluster. From a sample of 1 1 stars 
which were relatively uncrowded on our images we see that 
our ground-based photometry is brighter by about 0.025 mag. 

3. COLOR-MAGNITUDE DIAGRAM 

Figure la presents a CMD consisting of 19509 stars in the 
field centered on NGC 6388. Only stars with x < 1.5 are 
shown, where x is a fitting parameter in Stetson's DAOphot 
programs. The red clump of the HB of the cluster can be seen 
at V ~ 17.2, (B-V) ~ 1.15. The main sequence of the field can 
be seen extending through the cluster's HB from (B-V) ~ 1.0 
to ~ 0.7. Figure Id shows the contribution of the field to the 
CMD of NGC 6388 in Figure la. Stars were chosen from a 
radius greater than 6.5 arcmin from the cluster center for Fig- 
ure Id (the tidal radius of NGC 6388 is 6.21 arcmin; Harris 
1996). 

The effects of differential reddening on the red giant branch 
(RGB) can be seen in the figures. This is especially notable 
in the luminosity function bump on the RGB at V <~ 17.8, 
(B-V) ~ 1.3. A closer analysis of this feature could shed light 
on the helium content of NGC 6388 (Sweigart 1978; Fusi Pecci 
et al. 1990; Zoccali et al. 1999; Bono et al. 2001; Raimondo et 
al. 2002). 

Figure lb shows all stars within 1.7 arcmin from the cluster 
center, giving the closest fit to the area of NGC 6388 observed 
by Rich et al. (1997). Because of crowding toward the cen- 
ter of NGC 6388, we could obtain good photometry for many 
fewer stars in the inner region than was possible with WFPC2. 
The number of HB stars detected in the WFPC2 images is 
about 1350 for NGC 6388 (Zoccali et al. 2000) and 1470 for 
NGC 6441 (Zoccali 2000, private communication). In contrast, 
we were able to obtain good photometry for only <~ 70 HB stars 
within the central 1.7 arcmin radius circle of NGC 6388, a num- 
ber considerably smaller than we were able to observe close to 
the center of NGC 6441 (Paper I). As a result, it is difficult to 
use Figure lb to identify any HB slope in the V, B-V CMD. 

4. VARIABLE STARS 

4. 1 . Discovery of New Variable Stars 

All variables were found with the same two methods as used 
for NGC 6441 (see §4.1 of Paper I). The time coverage of our 
observations is well suited for the discovery of short period 
variability, but not for the detection of long period variables. 
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FIG. 1 . — Color-magnitude diagrams for the NGC 6388 stars located in the complete field of view (a), out to a radius of 1.7 arcmin (b) and 2.7 arcmin (c) from the 
cluster center, and outside a radius of 6.5 arcmin from the cluster center (d). 



With the exception of stars falling outside of our field of view, 
all of the probable short period variable stars previously known 
were recovered during our variable star search. The previously 
known variables that were within our field of view, but not de- 
tected in our survey, are likely long period variables (LPVs; 
Hazen & Hesser 1986). In addition, 28 probable new variable 
stars were detected. In crowded regions close to the cluster cen- 
ter, the B photometry proved superior to the V photometry for 
identifying variable stars, presumably because of the lesser in- 
terference from bright red giant stars. Finding information for 
the variable stars found in our survey is given in Table 2, where 
X, Y are the coordinates of the variables on the CCD [the cluster 
center is assumed to be at (1075.4,1064.4)] and Act, AS are the 
differences in right ascension and declination from the cluster 
center (in arcsec). Finding charts for the variables can be seen 
in Figure 2. 

4.2. RR Lyrae stars 

The variable stars have been studied previously by Hazen & 
Hesser (1986) and Silbermann et al. (1994). In the field of 
NGC 6388, the number of probable RRL has been increased 
from 10 to 14. Figure 3 shows the position of these stars within 
the CMD of NGC 6388. Of the previously known cluster RRL, 
only V24, which lies outside our field of view, was not redis- 
covered. The variable stars were classified according to their 
period, magnitude, and shape of the light curve. The mean 
properties of the individual RRL, and the one 5 Scuti or SX Phe 
star, found in this survey are listed in Table 3. Stars listed as SI, 
S2, and S3 in column 7 are the stars which were suspected to be 
variable as listed by Silbermann et al. The periods determined 
for the known RRL, using the phase dispersion minimization 



program in IRAF, are found to be in good agreement with those 
found by Hazen & Hesser and Silbermann et al. Spline fits 
were used to determine the magnitude weighted and luminos- 
ity weighted mean magnitudes, (B-V) mng and (V), respectively. 
Figure 4 shows the light curves for the individual variable stars, 
where the displayed light curves are those of the RRL, the Pop- 
ulation II Cepheids (P2Cs), the eclipsing binaries, the 8 Scuti 
or SX Phoenicis variable, and the variables with uncertain clas- 
sification, in that order. 

The accuracy of the periods found in our survey is ±0.00 Id 
to ±0.002d, depending on the scatter and completeness of the 
light curve. Tables 4 and 5 list the photometry for the individual 
variable stars. 

Light curves were analyzed by Fourier decomposition using 
the equation (order of fit= 8), 

mag = Ap + ^ Aj cos(ju>t + (f>j). (3) 

It has been shown (e.g., Clement & Shelton 1997) that RRab 
and RRc stars fall into distinct regions in a A21 vs. </>2i plot, 
where A21 = A2/A1 and fai = (f>2~2(j) l . As found by Simon 
& Teays (1982), Figure 5 shows for those RRL with clean 
light curves that the RRab fall at values greater than A21 of 
0.3 and the RRc fall below. Table 6 lists the values of the 
Fourier parameters for all candidate RRL, where Aj\ = Aj/A\ 
and (f>j\ = 4>j- j4>\. The errors in the phase differences are 
based on Eq. 16d in Petersen (1986). It should be noted that the 
Fourier decomposition is dependent on the accuracy and com- 
pleteness of the light curve. Therefore, the RRL in NGC 6388 
with high scatter or large gaps in their light curves have un- 
reliable Fourier parameters, specifically those RRL which we 



4 



Pritzl et al. 



FIG. 2. — Finding charts for the NGC 6388 variable stars. North is down and east is left. 
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FIG. 2 CONT. — Finding charts for the NGC 6388 variable stars. North is down and east is left. 



were not able to definitively classify. We showed in Paper I that 
Fourier decomposition parameters can be used to determine if 
a star is a RRc variable or an eclipsing binary at twice the pe- 
riod. Although the method proved useful, there were no cases 
in NGC 6388 where this method was needed. 

Shown in Figure 6 are the period-amplitude diagrams for 
NGC 6388 given in B and V. There is one RRab variable, V17, 
whose amplitude appears to be low for its period. This may 



be due to blending effects. However, this variable does not 
show the shift toward redder colors seen in certain RRab stars 
in NGC 6441 which were suspected of having blended images 
(see Paper I). It should be noted that the Blazhko Effect can also 
reduce the amplitudes of RRab stars, but our observations do 
not extend over a long enough time interval to test for the pres- 
ence of this effect. As with NGC 6441, we see that NGC 6388 
lacks a significant gap between the shortest period RRab and 
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V14 





♦ V38 

.0 ■ .. 



V5.2, 




' Q ^V44 



V43 

■ "-,0 0:ra 



FIG. 2 CONT. — Finding charts for the NGC 6388 variable stars. North is down and east is left. 



the longest period RRc. 

4.3. Notes on Individual Variable Stars 

V17 - The amplitude appears to be low compared to the other 
fundamental mode RRL. There is some scatter in the curve in- 
dicating a possibility of blending. The ratio of the B to V ampli- 
tudes is not unusual, providing no indication that an unresolved 
blend with a different colored star has affected the photometry. 



Its mean magnitude is somewhat brighter than the other funda- 
mental mode RRL. 

V20 - There is scatter in the curve. It falls among the other 
cluster first overtone RRL in the CMD. 

V26 & V34 - These two stars are similar in that they both are 
short period RRc stars and are unusually faint when compared 
to the other RRL. Their amplitudes are somewhat larger than 
the other short period RRc stars, as well. Both stars would have 
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FIG. 2 CONT. — Finding charts for the NGC 6388 variable stars. North is down and east is left. 




to be dereddened by an unusually large amount to move them 
back among the other RRc stars of NGC 6388. It may be that 
these two stars are actually nonmembers of the cluster. 

V29 - P2C variable. Previously designated as a field RRL by 
Silbermann et al. (1994). No V data were available due to satu- 
ration. For this reason, the B data were placed on the standard 
system using a zero-point shift of +3.829. 

V30 - This star fits in the CMD with the other fundamental 



mode RRL. The best fit to the data is a period around 0.939d. 
There is a gap in the data near maximum light through descend- 
ing light. This, along with scatter in the curve, makes finding 
the best period difficult. 

V32 - (SI, Silbermann et al.) A long period RRc type vari- 
able with some scatter in the curve. 

V35 - One night of observations of this variable (night 4) 
falls at a different phase and amplitude as compared to the other 
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FIG. 2 CONT. — Finding charts for the NGC 6388 variable stars. North is down and east is left. 
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FIG. 3. — Color-magnitude diagram for the fundamental mode RR Lyrae (filled circles), first overtone RR Lyrae (filled squares), suspected RR Lyrae (filled 
triangles), and Population II Cepheids (five-pointed stars) in the field of NGC 6388. 



nights, as shown in Figure 7. Taking that night out, the data fit 
the period of 0.299 d. See §5.2 for more discussion. 

V18 and V36 - P2C variables. The light curves in V tend 
to have more scatter due to reaching the saturation limit of the 
CCD. Crowding in the cluster is also likely to contribute to the 
scatter found in the light curves since both stars are found near 
the center of the cluster. 

V37 - A probable P2C variable. The maximum period fit to 
the data is 10 days due to the length of the observing run. The 
magnitude of the star gets fainter for the first four nights of ob- 



servations, while the second four nights of observations show a 
clear maximum. 

V44 - From the shape of the curve, location in the CMD, and 
the period, this star is either of 5 Scuti or SX Phoenicis type. 
From the magnitude of the star, it is unlikely that it is a member 
of NGC 6388. 

V48 - Shows definite variability, but has a lot of scatter in 
the light curve making classification difficult and the magni- 
tude and color unreliable. The B light curve does look like that 
of a c-type RRL. The mean magnitude of the variable places it 
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along the HB, although slightly bluer than the other RRc. 

V49 - (S2, Silbermann et al.) A lot of scatter in the light curve 
makes the exact classification uncertain, although the B curve 
looks somewhat like that of a c-type RRL. Its mean magnitude 
and color place it among the other probable cluster RRc. 

V50 - The light curves show scatter, especially in B, mak- 
ing classification uncertain and the mean magnitude and color 
unreliable. The V curve looks to be RRc type. 



V5 1 - This star shows definite variability, but a large amount 
of scatter exists. Its magnitude and color, although some- 
what unreliable, place the variable among the other probable 
NGC 6388 RRL. 

V52 - A variable that falls among the first overtone RRL in 
the CMD of NGC 6388. An unusual light curve shape, which 
shows a sharp decrease in magnitude after maximum, makes its 
classification uncertain. This variable is found next to a much 
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FIG. 4 CONT. — V and B light curves of NGC 6388 variable stars. 
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brighter star, which may be affecting the photometry. 

V53 - (S3, Silbermann et al.) This star shows definite vari- 
ability, but we were only able to observe it when the star was 
increasing in brightness. Therefore, the magnitude, color, and 
period given for this variable are not reliable. 

V55 - A likely c-type RRL. The variable falls among the 
other probable RRc of NGC 6388. A gap occurs during the 
rising light in the light curve up to near maximum light, mak- 



ing the exact classification uncertain. 

V56 - Scatter in the data makes this star's classification un- 
certain. The mean magnitude of the variable places it along the 
HB of NGC 6388. 

S4 (Silbermann et al.) - We were unable to find any variabil- 
ity, although crowding may be an issue. 

4.4. Reddening 
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Reddenings for the RRab stars of NGC 6388 were deter- 
mined using Blanco's (1992) method as outlined in Paper I. We 
calculated the reddenings for the RRab stars with good (B-V) 
light curves listed in Table 7 by using the averaged photometry 
in the phase range 0.5-0.8 and Eqs. 3 and 7 in Blanco (1992). 

The mean reddening value for the 4 RRab stars which are 
believed to be probable members of NGC 6388 is E(B-V) = 
0.40 ±0.03. The range in reddening values agrees with pre- 



vious determinations that NGC 6388 is subject to differen- 
tial reddening, although the range is not as large as that of 
NGC 6441. The smaller range in differential reddening may 
be due to the smaller sample of RRab stars, but it is most likely 
due to NGC 6388 being farther away from the Galactic plane. 

Silbermann et al. (1994) determined, in a similar fashion, 
that the reddenings for V17 and V29 are 0.48 and 0.47, re- 
spectively, with uncertainties of ±0.04. One reason for the 
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discrepancies between the reddenings determined by this sur- 
vey and that of Silbermann et al. is their use of AS = 8, cor- 
responding to a metallicity lower than the one adopted in this 
paper (AS = 3.22). Another explanation for the differences in 
reddenings may be the high scatter in the light curves found 
by Silbermann et al. Alcaino (1981) derived the reddening of 
NGC 6388 to be E(B-V) = 0.41 from the color of the giant 
branch as compared to that in 47 Tuc. Zinn (1980) and Reed, 
Hesser, & Shawl (1988) obtained E(B-V) = 0.35 and 0.39, re- 
spectively, from their analysis of the integrated cluster light. 
The Schlegel, Finkbeiner, & Davis (1998) reddening value is 
0.415 for NGC 6388. 

We find the mean magnitude of the RRL, leaving out those 
RRL of uncertain classification, to be (Vrr) = 16.85 ±0.05 and 
16.93 ± 0.06 without and with the two faint RRc stars V26 and 
V34, respectively. (For the rest of the paper, we include V26 
and V34 among the NGC 6388 RRL except where noted.) If 
we assume A v = 3.2E(B-V) = 1.28, and if M v for the RRL is 
between +0.5 to +0.8, then the distance modulus for NGC 6388 
is in the range of 14.77 to 15.07 mag for the case where we do 
not include V26 and V34. The resulting distance to the cluster 
would be from 9.0 to 10.3 kpc. For comparison, Harris (1996) 
lists a distance of 11.5 kpc to NGC 6388 with a reddening of 
E(B-V) = 0.40, V HB = 17.25, and My(HB) = 0.71. The fainter 
(Vrr) value, which includes V26 and V34, would only increase 



the distance by approximately 0.3 kpc. 

There is some question as to whether or not there is a metal- 
licity spread among the stars in NGC 6388 (see §5.6). It is 
therefore interesting to see how the reddening derived from the 
RRab stars depends on the adopted metallicity. If the metal 
abundances of the RRL were much lower than that which we 
have adopted, they would have less line blanketing and the red- 
denings which we would derive would be greater. For example, 
if we had adopted [Fe/H] = -2.0, our derived reddening value 
for NGC 6388 would increase by 0.05 mag, giving a reddening 
significantly larger than found by most other methods. 

It should be emphasized that the type of RRL in NGC 6388 
may be different in nature from those which Blanco used in 
establishing his relationship between metallicity, period, and 
intrinsic color. As was done for NGC 6441, we have as- 
sumed that Blanco's (1992) formula applies to the RRab stars in 
NGC 6388. This may not be the case if, as is presented in this 
paper, the RRab stars in NGC 6388 are unusually bright for 
their metallicity, although the reddening derived in this study 
matches well with those from other studies. 

4.5. Cepheids 

Silbermann et al. (1994) found a bright variable, V29, which 
they believed to be a foreground RRL. We find this star to- 
gether with V18 from Hazen & Hesser (1986), and two addi- 
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tional variables to be P2Cs. The mean properties of these vari- 
ables are listed in Table 8. V18 was listed by Hazen & Hesser 
as a star with a period < 2 days. Of the 4 Cepheids found, 3 
have periods of less than 10 days, making them members of the 
subset of P2Cs known as BL Herculis stars. As was noted in 
§4.3, V37 has a period of around 10 days, classifying it as a 
W Virginis-type P2C. Although V29 was saturated in V, using 
light curve fitting programs created by Andrew Layden (Lay- 
den & Sarajedini 2000, and references therein) we were able to 
find (B) = 16.035. From the zero-point shift (§4.3), V29 seems 
to be oddly brighter than V18 and V36. The reason for this dif- 
ference is uncertain, although crowding may be an effect. The 
properties of the Cepheids are discussed further in §5.3. 

4.6. Eclipsing Binaries and LPVs 

We were able to find a number of eclipsing binary stars 
within our field of view, which are not likely to be members 
of NGC 6388. Only V14 listed by Hazen & Hesser (1986) was 
recovered. Table 9 lists photometric data for the binary stars. 
Due to our sampling it was somewhat difficult to determine ac- 
curate periods for detached binaries. 

The time coverage of our observations was not suitable for 
the detection of LPVs. Only two of the previously suspected 
variables in NGC 6388 were determined to be LPVs by this 
survey, V4 and V12. Three additional LPVs were found, V45, 
V46, and V47. The LPVs found by this study and their loca- 
tions can be found in Table 2. 

5. DISCUSSION 
5.1. General Properties of NGC 6388 RR Lyrae 

We compare the average properties of the RRL in NGC 6388 
and NGC 6441 to those of RRL in Oosterhoff types I and II 
clusters, M3 and M15, in Table 10. The values for M3 and 
M15 are taken from Table 3.2 of Smith (1995). For compari- 
son, Clement et al. (2001) found the mean periods for the RRL 
in Galactic globular clusters to be 0.559 d (RRab) and 0.326 d 
(RRc and RRd) for Oosterhoff type I clusters and 0.659 d 
(RRab) and 0.368 d (RRc and RRd) for type II clusters. The 
RRab in NGC 6388 have unusually long periods for a metal- 
rich cluster, as was shown in Pritzl et al. (2000). From what is 
known of the periods of metal-rich field RRL, one would ex- 
pect the mean period of the RRab stars in NGC 6388 to be even 
shorter than those from Oosterhoff type I clusters. In fact, the 
mean period of the RRab in NGC 6388 is longer than in typical 
Oosterhoff type II clusters, as was also the case for NGC 6441. 
It is also interesting to note the unusually high N c /Nrr ratio 
(where 7V C is the number of RRc stars and /Vrr is the total num- 
ber of RRL in the system) for NGC 6388. Even if, as discussed 
previously, the RRc stars V26 and V34 are non-members, this 
ratio would remain high: N c /Nrr = 0.57. 

In Figure 8 of Paper I, we showed how the trend of decreasing 
period with increasing metallicity for the Oosterhoff types I and 
II globular clusters is broken by the mean periods of the RRab 
stars in NGC 6388 and NGC 6441 . It appears, as was concluded 
by Pritzl et al. (2000), that NGC 6388 does not fall into either 
Oosterhoff group according to its metallicity. However, it has 
been suggested that the Oosterhoff dichotomy may be due to 
evolutionary effects. Lee, Demarque, & Zinn (1990) postulated 
that the RRL in Oosterhoff type II clusters have evolved away 
from a position on the zero-age HB (ZAHB) on the blue side of 
the instability strip. This leads to the RRL in Oosterhoff type II 
clusters having longer periods and higher luminosities than the 



RRL in Oosterhoff type I clusters, whose ZAHBs are thought to 
be more heavily populated in general. This idea has been used 
to argue that the location of RRab stars in the period-amplitude 
diagram may be more a function of Oosterhoff type than metal- 
licity (Clement & Shelton 1999; Lee & Carney 1999; Clement 
& Rowe 2000). While most of the RRab in NGC 6441 fall 
along the Oosterhoff type II line as defined by Clement (2000; 
private communications; see Fig. 7 in Paper I), the RRab in 
NGC 6388 appears to be scattered in the period-amplitude di- 
agram (see Figure 6). Two of the RRab fall at longer periods 
than given by the Oosterhoff type II line, while two others fall 
in-between or near the Oosterhoff type I line (see §5.7 for fur- 
ther discussion). 

The derived properties of the RRc stars can also give some 
indication to the Oosterhoff type of the cluster (e.g., Table 4 
of Clement & Rowe 2000). Using the Fourier parameters in 
Table 6 along with Eqs. 2-5 in Clement & Rowe, which de- 
rive from Simon & Clement (1993a, 1993b), we calculated the 
masses, luminosities, temperatures, and absolute magnitudes 
listed in Table 1 1 for the RRc in NGC 6388. Only those RRc's 
with errors in the </>3i measurement less than 0.50 and peri- 
ods less than 0.44d were included. The mean values for the 
mass, log(L/L@), r eff , and My are 0.48M Q , 1.62, 7495 K, and 
0.82. As with the derived properties of the RRc variables in 
NGC 6441, the masses for the RRc stars in NGC 6388 are low 
(see Paper I for further discussion). Placing NGC 6388 in Ta- 
ble 4 of Clement & Rowe according to the mean log (L/L Q ) and 
r e ff values, we see that NGC 6388 falls among the Oosterhoff 
type I clusters. This contradicts what was indicated by the loca- 
tion of the RRab stars in the period-amplitude diagram. These 
results further illustrate the difficulty in classifying NGC 6388, 
along with NGC 6441. 

We also calculated the properties for the RRab stars using 
the Jurcsik-Kovacs method (Jurcsik & Kovacs 1996; Kovacs & 
Jurcsik 1997). After correcting the Fourier parameters in Ta- 
ble 6 to work in the sine-based Jurcsik & Kovacs equations, 
we derived the parameters shown in Table 12 using Eqs. 1, 2, 
5, 11, 17, and 22 from Jurcsik (1998), correcting the values of 
log(L/L Q ) and log T e ff by +0.1 and +0.016 (Jurcsik & Kovacs 
1999). It should be noted that Eqs. 17 and 22 were not meant 
to calculate the log (L/L Q ) and mass values for individual stars, 
but we list the values for illustrative purposes. The mean values 
for the mass, log (L/L Q ), log T e ff, M v , and [Fe/H] are 0.56 M , 
1.69, 3.82, 0.66, and -1.21, respectively. When compared to the 
data in Figure 1 of Jurcsik & Kovacs (1999), the mean value 
of log(L/L ) for the RRab in NGC 6388 is about 0.1 brighter 
than their data at a metallicity of [Fe/H] = -0.60 which agrees 
with the idea that the RRL in NGC 6388 are unusually bright 
for the metallicity of the cluster. Meanwhile, the mean log T e ff 
values are about 0.02 lower and the mean mass is consistent 
with the data given in Jurcsik & Kovacs (1999). The derived 
mean value for M v , which does not include the log (L/L Q ) cor- 
rection of +0.1 from Jurcsik & Kovacs (1999), is about 0.49 
mag brighter than given by Eq. 5 in Kovacs & Jurcsik (1996) 
using [Fe/H] =-0.60. 

Similar to what we found for the RRab in NGC 6441 (Pa- 
per I), the metallicity derived from the RRab in NGC 6388 is 
unusually low, [Fe/H] = -1.2 (-1.4 on the Zinn & West 1984 
scale). It is uncertain how well the Jurcsik-Kovacs method ap- 
plies to RRab of unusually long periods. Moreover, it is hard to 
reconcile the RGB morphology of NGC 6388 with that of more 
metal-poor globular clusters (Raimondo et al. 2002). While a 
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lower metallicity may explain the blue extension to the HB, it 
would not explain the red clump. We discuss the possibility of 
a metallicity spread in §5.6. 

In Figure 8 we present an updated histogram for the period 
distribution of the RRL in NGC 6388 according to their pe- 
riod. As seen in Pritzl et al. (2000), this provides an additional 
way to demonstrate how the properties of the RRL contradict 
the metallicity of the parent cluster. The number of RRc in 
NGC 6388 is high even when compared to Oosterhoff type II 
clusters rather than being the relatively small number expected 
for the more metal-rich Oosterhoff type I clusters. 

Another way in which NGC 6388 is distinguished from 
the typical Oosterhoff groups is the high ratio of long period 
(P > 0.8d) RRab. Although there is only a small number, 50% 
(2 of 4) of the RRab have longer periods. The large proportion 
of long period RRab, a property shared by NGC 6441 (Pritzl et 
al. 2000, 2001), is not seen in other globular clusters, with the 
exception of NGC 5897 (Clement & Rowe 2001). 

5.2. RRc Variables 

The existence of RRL is unusual in globular clusters as 
metal-rich as NGC 6388. The presence of RRc is especially un- 
usual due to the typically red HB morphology associated with 
metal-rich globular clusters. This provides a unique opportu- 
nity to investigate the properties of these stars in an environ- 
ment not seen in other globular clusters. Although the RRc stars 
in NGC 6388 span a wide range of periods, the mean period is 
0.36d which is comparable to the value for a typical Oosterhoff 
type II cluster (see Table 10). 

As was noted with NGC 6441, the RRc stars in NGC 6388 
have some distinguishing features. One such feature is the 
bump in the light curve seen during the rise to maximum bright- 
ness. While this bump occurs at a phase of about 0.2 before 
maximum for the RRc with periods between 0.33 d and 0.37 d, 
the RRc with periods greater than 0.4 d have the bump occur- 
ring nearer phase 0.3 before maximum. No bumps are seen in 
the light curves for the RRc with periods less than 0.3 Id. 

Lay den et al. (1999) originally pointed out that the RRc stars 
in NGC 6441 may exhibit longer than usual rise times. Sim- 
ilar to NGC 6441 (Layden et al. 1999; Paper I), the range of 
rise times for the RRc stars in NGC 6388 is about 0.45 to 0.50 
in phase with the longer period stars having longer rise times. 



Compared to the range listed in Layden et al. for RRc stars from 
the General Catalog of Variable Stars (Kholopov 1985), 0.32 
to 0.46, the rise times seen in the RRc stars of NGC 6388 are 
somewhat longer than usual. 

The RRL in NGC 6388 show an unusually short gap between 
the longest period RRc star and the shortest period RRab star, 
similar to NGC 6441 (Paper I). Van Albada & Baker (1973) 
found that a gap of about 0.12 should be expected between the 
logarithms of the periods of the shortest period RRab star and 
the longest period RRc star, assuming that the RRab and RRc 
stars have the same mass and luminosity, and that there exists a 
single transition line in effective temperature between the first 
overtone and fundamental mode pulsation domains in the HR 
diagram. Many globular clusters show such a gap, indicating 
that these assumptions may hold for most globular clusters. The 
absence of such a gap in NGC 6388 and NGC 6441 implies that 
one or more of the assumptions is incorrect in their case. 

The RRc star V35 deserves a special mention. As noted in 
§4.3 and seen in Figure 7, the phase and amplitude of the star 
are different on the night of 29 May than on the other nights. 
There are no nearby stars affecting the photometry and there is 
no indication that night has any problems since the photometry 
for other variables shows no anomalies. It may be the case that 
the star is going through a mode switch, mode instability, or 
exhibiting non-radial pulsations (e.g., M55: Olech et al. 1999). 
More photometry of V35 may help clear up this issue. 

An interesting feature seen in NGC 6388, but not in 
NGC 6441, is the occurrence of "short" period c-type RRL. 
As seen in the period-amplitude diagram for NGC 6388 (Fig- 
ure 6), the c-type RRL, with the exception of V35, seem to 
fall into three distinct groups: The "longer" period RRc cen- 
tered at logP = -0.288, the "intermediate" period RRc centered 
at \ogP = -0.459, and the "shorter" period RRc centered at 
logP = -0.617. There does not appear to be any distinction 
between the shorter period RRc found in NGC 6388 and the 
more "intermediate" period RRc, according to their Fourier pa- 
rameters, but there is a clear distinction when the Fourier pa- 
rameters of the longer period RRc are compared to those of the 
"intermediate" period RRc (see §5.5). The light curves of the 
shorter period RRc seem to show more scatter during maximum 
light as compared to the light curves of the other RRc members 
of NGC 6388, and are slightly more asymmetric, although the 
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photometry obtained in this survey is not accurate enough to 
make a conclusive argument for this. It is of interest to note 
that two of the three shorter period RRc stars are fainter than 
the other probable RRc of NGC 6388, as shown in Figure 3 and 
discussed in §4.3. It cannot be determined if this effect is due 
to the differential reddening in NGC 6388, but it can be said 
that these two RRc stars, which also happen to be the shortest 
period RRc, do not fall in the same part of the NGC 6388 field. 

It has been argued by some authors that short period RRc 
stars with P < 0.35d and amplitudes less than 0.3 mag may in 
fact be pulsating in the second overtone mode (e.g., Clement, 
Dickens, & Bingham 1979; Walker 1994; Walker & Nemec 
1996). The MACHO collaboration found a maximum in the 
Large Magellanic Cloud RRL period distribution at 0.28 days 
(Alcock et al. 1996), arguing that this corresponded to the sec- 
ond overtone, RRe, stars. Alcock et al. found that the RRL lo- 
cated about this range showed skewed light curves, as was mod- 
eled by Stellingwerf et al. (1987). Clement & Rowe (2000), 
using the RRc stars in ui Centauri (NGC 5139), argue that a 
number of the shorter period stars were pulsating in the second 
overtone mode. They showed that these RRc stars also have 
low amplitudes (Ay < 0.3 mag). Overall, the short period RRc 
stars in NGC 6388 do not have amplitudes as low as these stars. 
However, if we disregard V26 and V34, which may be non- 
members (§4.3), the remaining two RRc stars, V16 and V35, 
do have low amplitudes, making them similar in both period 
and amplitude to the stars in w Cen which Clement & Rowe 
identified as second overtone pulsators. However, a case has 
also been made that short period RRL of this type are not sec- 
ond overtone pulsators. Kovacs (1998) argued that these vari- 
ables are RRc variables at the short period end of the instability 
strip. It is beyond the scope of this paper to argue for or against 
the classification of the shorter period RRc-type stars as second 
overtone pulsators. In any case, further observations of these 
variables would help to improve pulsation models and help ex- 
plain why such a large range in RRc periods exists (0.24 - 0.56 
days) in NGC 6388. 



5.3. Cepheids 

The occurrence of P2Cs in globular clusters is not uncom- 
mon. Yet, if the probable Cepheids found in the field of 
NGC 6388 are indeed members of this cluster, NGC 6388 
would be the most metal-rich globular cluster known to con- 
tain Cepheids. A review by Harris (1985) listed the globular 
clusters containing Cepheid (16 GCs) or RV Tauri variables (5 
GCs). Harris confirmed that the globular clusters which con- 
tained P2Cs also have blue horizontal branches (Wallerstein 
1970). It was further noted by Harris that BL Her, P2Cs with 
periods < 10 days, may be most frequent in clusters which have 
extended blue tails on the horizontal branch. Smith & Wehlau 
(1985) found that all of the globular clusters known to contain 
Cepheids have B / (B+R) > 0.50, where B is the number of stars 
blueward of the RRL gap and R is the number of stars redward 
of the RRL gap. The reverse is not true, however. All clus- 
ters with B/(B + R) > 0.50 do not contain Cepheids. Smith & 
Wehlau also noted that W Vir stars, P2Cs with periods > 10 
days, tend to be in the most metal-rich of the globular clusters 
which have blue HBs. Finally, it was also shown that the clus- 
ters with Cepheids are also the brighter, more massive, clusters, 
especially those clusters which have two or more Cepheids. 
In a summary of the variable stars in Galactic globular clus- 
ters, Clement et al. (2001) use the HB ratio (B-R)/(B+V+R), 
where B and R follow the above definitions and V is the num- 
ber of RRL, finding that most globular clusters with P2Cs have 
(B-R)/(B+V+R) > 0, with two exceptions: NGC 2808 and 
Palomar 3. Pal 3 provides the most serious challenge to explain 
since it lacks any blue extension to the HB (Borissova, Ivanov, 
& Catelan 2000). 

NGC 6388 does exhibit some of the features listed above. It 
does have a blue component to its HB. Although the B/(B + R) 
fraction was not determined for NGC 6388 in this study due 
to the high contamination from field stars, according to the 
number counts in Zoccali et al. (2000) B /(B + R) = 0.15. Even 
though this disagrees with the idea that P2Cs are only found 
in globular cluster with B/(B + R) > 0.50, the relatively large 
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number of BL Her stars found in NGC 6388 agrees with Har- 
ris' (1985) idea that they are more frequent in clusters with ex- 
tended blue tails. The one candidate W Vir star in NGC 6388 
follows the idea that these stars tend to be in the most metal- 
rich of the globular clusters with well-developed blue HBs. 
NGC 6388 is also one of the brightest globular clusters known 
in the Galaxy, confirming the tendency of clusters containing 
Cepheids to be brighter than those that do not. 

There has been some debate on the P2C period-luminosity 
relations and on the question of whether or not P2Cs pulsate 
in both the fundamental and first overtone modes or solely 
in the fundamental mode (see Nemec, Nemec, & Lutz 1994; 
McNamara 1995; and references therein). For this study, we 
would like to have an idea of the absolute magnitudes of the 
Cepheids in NGC 6388 in order to estimate the distance to the 
cluster and the absolute magnitude of the RRL. Using Eqs. 7, 
8, 11, and 12 from McNamara (1995), we calculated the ab- 
solute magnitudes listed in Table 13. It should be noted that 
the absolute magnitudes calculated for the P2Cs in Nemec et 
al., which were also used by McNamara, are based on the dis- 
tance moduli and reddenings of the systems for which they 
are associated. Although there is some differential redden- 
ing across the face of NGC 6388, we use the mean reddening 
of the cluster, E(B-V) = 0.40, in determining the extinctions, 
A v = 3.2E(B-V) = 1.28 and A B = A.\E(B-V) = 1.64, to dered- 
den the Cepheid magnitudes. We want to restate that the mean 
magnitudes of these stars are somewhat uncertain due to the 
scatter and gaps in the light curves (see Figure 4). Examining 
the resulting distances in Table 13, V29 and V37 have distances 
much less than V18 and V36. We noted previously (§4.5) that 
V29 seemed unusually bright for its period. The precise (B) 
magnitude is uncertain since the star is saturated in V. For V37, 
the exact period is uncertain due to an incomplete light curve, 
and thus its magnitude may also be uncertain. The scatter in the 
light curve also makes the magnitude uncertain. It also could 
be that V29 and V37 are not members of NGC 6388, but this 
seems unlikely due to their proximity to the cluster center (see 
Figure 2). The distance we find using the visual estimates of 
V18 and V36 is 10.6 kpc, which matches well with the distance 
estimates made from the RRL. 

If we adopt the distance of 10.6 kpc and Ay = 1.28, we find 
Mv.rr = +0.44 for V RR = 16.85 mag. This value is brighter than 
one would expect for the metallicity of NGC 6388. Using the 
Mv/ RR relations from Nemec et al. (1994) and [Fe/H] = -0.60, 
one finds the absolute magnitudes of the RRL in NGC 6388 
to be approximately +1.00. This is much fainter than would 
would expect given that the P2C period-luminosity relation de- 
rives from their data. However, given [Fe/H] = -0.60 and using 
Eq. 7 in Lee et al. (1990), we find Mv.rr = +0.72 on their scale. 

An interesting question to ask is: Why does NGC 6388 
contain Cepheid stars, but NGC 6441 does not? It is possi- 
ble that our survey was incomplete in finding any Cepheids 
in NGC 6441 (Paper I), but this does not seem to be the case 
since no Cepheids were found in the survey of Layden et al. 
(1999), either. Assuming that our survey was complete, and 
no Cepheids occur in NGC 6441, the answer to this question 
may give hints as to the origin of the Cepheids. Both clusters 
are among the brightest known and both have similar HB mor- 
phologies. Along with having similar metallicities, it would 
seem that if one of this pair of clusters contained Cepheids, 
the other would have them too. It was suggested by Smith & 
Wehlau (1985), from the models of Mengel (1973) and Gin- 



gold (1976), that P2Cs may evolve from horizontal branch stars 
which already have low envelope masses. Sweigart & Gross 
(1976) predicted that clusters with blue horizontal branches and 
higher metal abundances would produce horizontal branch stars 
with especially low envelope masses. It can be seen in the 
CMDs for NGC 6388 and NGC 6441, by Rich et al. (1997), 
that the blue "tail" in NGC 6388 appears to be more populated 
than in NGC 6441. This may explain the difference between 
NGC 6388 and NGC 6441, although it may just be a selection 
effect since we are talking about such small numbers. 



5.4. Period-Amplitude Diagram 

We revisit the period-amplitude diagram in Figure 9 and 
compare the RRab in NGC 6388 to the RRab in other globu- 
lar clusters (M15: Silbermann & Smith 1995, Bingham et al. 
1984; M68: Walker 1994; M3: Carretta et al. 1998; 47 Tuc: 
Carney, Storm, & Williams 1993) and metal-rich field RRab. 
As discussed in Pritzl et al. (2000), the RRab in NGC 6388 
fall at unusually long periods compared to field RRab of sim- 
ilar metallicities. Similar to NGC 6441 (Paper I), NGC 6388 
breaks the trend of increasing period with decreasing metallic- 
ity for a given amplitude. Although no direct measurements 
of the metallicity for the RRL in NGC 6388 are available (see 
§5.6), it is interesting to see that V9 of 47 Tuc ([Fe/H] = -0.76) 
falls in the same general location as the RRab in NGC 6388 and 
NGC 6441, though shifted away from the mean locus occupied 
by the RRL in these two globulars by A log P w +0.1 at fixed 
amplitude. 

The RRab in NGC 6388 even fall at longer periods when 
compared to the RRab in the Oosterhoff type II cluster M15. 
This seems to contradict our previous finding that the RRab in 
NGC 6388 are scattered about a singular locus for all Ooster- 
hoff type II globular clusters as given by Clement (2000, private 
communication) (see §5.1). An important tool in creating these 
lines was the compatibility condition (Jurcsik & Kovacs 1996) 
which helped in determining which light curves are "normal" 
or not. An analysis done in Paper I (cf. §5.3) of the sample of 
RRab in M15 showed that a few of these stars which satisfy 
the compatibility condition fall between the Oosterhoff lines 
given by Clement. It is interesting to note that only V22 of 
NGC 6388 is close to complying with the compatibility con- 
dition (column 9 of Table 6). Although our time-coverage is 
not long enough to observe the Blazhko Effect, it would seem 
unlikely that all of the RRab in NGC 6388 would show this ef- 
fect given that only about 20% of the RRab stars are thought to 
show the Blazhko Effect among the field and globular cluster 
populations alike. Also, the number fraction possibly decreases 
with increasing metallicity (see Table 5.3 in Smith 1995 and 
references therein). 

Another way to examine how the RRab in NGC 6388 com- 
pare to those in M15 is to analyze the period shift of NGC 6388 
from M3. Due to the small number of RRab stars in NGC 6388, 
it is difficult to make a general statement on the period shift. 
Two of the RRab, V17 and V22, appear to have period shifts 
close to those for the RRab in NGC 6441 (~ 0.08 in log P; see 
§5.3 in Paper I), but the other two, V21 and V28, have period 
shifts more on the order of 0.15 implying they are somewhat 
brighter than the other RRab in NGC 6388 and NGC 6441. As 
can be seen from Figure 9, this property is shared by V9 in 
47 Tuc. However, our photometry does not indicate that V21 
and V28 are unusually bright compared to the other RRab. 
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FIG. 9. — Period-amplitude diagram for the ab-type RR Lyrae of NGC 6388 (open circles) as compared to field RR Lyrae of [Fe/H] > -0.8 (asterisks), V9 in 
47 Tucanae (open star), M3 (open boxes), M15 (filled stars), and M68 (filled triangles). The filled circles represent the RRab stars in NGC 6441 from Pritzl et al. 
(2001). The boxed area, taken from Figure 9 of Layden et al. (1999), denotes the region predicted by Sweigart & Catelan (1998) where the RR Lyrae should be 
located according to a helium-mixing scenario. 



5.5. Comparisons to Long Period RR Lyrae in uj Centauri 

It has been shown that w Cen is a globular cluster containing 
mostly RRL similar to those in Oosterhoff type II clusters along 
with a smaller population similar to RRL in Oosterhoff type I 
clusters (Butler, Dickens, & Epps 1978; Caputo 1981; Clement 
& Rowe 2000). It is interesting to note that uj Cen also con- 
tains a number of longer period RRL similar to what is seen in 
NGC 6388 and which are not typically found in either Ooster- 
hoff type I or Oosterhoff type II clusters. These longer period 
(P > 0.8 d) stars are similar in both period and amplitude to the 
long period RRab in NGC 6388 and NGC 6441, although long 
period RRab form a much smaller fraction of the total RRab 
population in uj Cen than in those two clusters. 

In addition to the longer period RRab stars, uj Cen contains a 
number of longer period RRc, similar to V20, V32, and V33 in 
NGC 6388. In Paper I we showed how the longer period RRc 
formed a distinct group at lower 021 in a 021 vs. A21 plot for u> 
Cen (see §5.4, and Figure 11 in Paper I). This trend was also 
seen in NGC 6441. An examination of the </>2i and A21 values 
for the longer period RRc in NGC 6388 (Table 6) shows that the 
three RRc which stand apart from the rest of the RRc at shorter 
021 values in Figure 5 are indeed the three longer period stars. 

In Figure 10, we plot a sample of uj Cen RRc stars according 
to their metallicity. The periods were taken from Kaluzny et al. 
(1997). When there was more than one entry for a single star, 
the values were averaged. The [Fe/H] values come from Rey 
et al. (2000). The RRc classifications were taken from Butler 
et al. (1978). There appears to be a slight trend of increasing 
metallicity with decreasing period and increasing amplitude. 
The RRc of NGC 6388 in the period range of 0.3d to 0.4d fall 
among the more metal-rich RRc of uj Cen, while the longer 
period ones (P > 0.45d) fall among some of the RRc in uj Cen 
which have a more "intermediate" metallicity. Two other longer 
period RRc are included in this plot, V70 in M3 (Kaluzny et 
al. 1998; Carretta et al. 1998) and V76 in M5 (Kaluzny et al. 



2000). Although the period of V76 is somewhat shorter than 
the periods of the other long period stars, it is unusually long 
when compared to the other RRc stars in M5. We emphasize 
that such long period RRc variables are extremely rare in either 
Oosterhoff type I or Oosterhoff type II globular clusters, no ad- 
ditional examples being known to exist besides V70 in M3 and 
V76inM5. 

The unusual nature of NGC 6388 and NGC 6441 is shown 
again by the occurrence of these longer period RRc stars. 
More importantly, as was discussed above, it may be that these 
stars hint at a more metal-poor component in NGC 6388 (and 
NGC 6441), with properties similar to the corresponding ones 
that give rise to the uj Cen long-period RRc's. In this paper 
we have assumed that the RRL in NGC 6388 have the same 
metallicity as the overall cluster value since no direct metallic- 
ity measurements for the RRL currently exist. 

5.6. A Metallicity Spread in NGC 6388? 

The possibility of a spread in metallicity in NGC 6388 and 
NGC 6441 was first proposed by Piotto et al. (1997). More re- 
cently Sweigart (2002) explored the metallicity-spread scenario 
through stellar evolution calculations. The models showed that 
the upward slope in the HB seen in NGC 6388 and NGC 6441 
can be produced by a spread in metallicity assuming that all of 
the stars are coeval and that the mass loss efficiency, as mea- 
sured by the Reimers (1975) mass loss parameter, is indepen- 
dent of [Fe/H]. (Please see Paper I for an in-depth discussion 
on the metallicity spread issue in this cluster and NGC 6441.) 

In an attempt to produce synthetic CMDs for uj Cen, Ree 
et al (2002) also attempted to model the CMDs of NGC 6388 
and NGC 6441. Their population models showed that two dis- 
tinct populations could be contained within the broad RGBs 
of the two clusters. In addition, the HB could be explained 
by adding an older, metal-poor HB and a younger, metal-rich 
HB, with the age and metallicity spread being about 1.2 Gyr 
and 0.15 dex, respectively. Ree et al. went on further to sug- 
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FIG. 10. — Period-amplitude diagram for the c-type RR Lyrae in uj Cen in comparison to those found in NGC 6388 and NGC 6441. V35 has been left out of this 
diagram due to the problems discussed in §5.2. 



gest that if there is indeed a metallicity spread in NGC 6388 
and NGC 6441, these two clusters may in fact be relics of dis- 
rupted dwarf galaxies as has been suggested for lu Cen and 
M54. The one conundrum with this hypothesis is that, unlike oj 
Cen, where you have a mostly metal -poor population with some 
metallicity spread towards higher metallicities, for NGC 6388 
and NGC 6441 one would have a mostly metal -rich popula- 
tion with a small metal-poor population. Their synthetic CMDs 
also failed to reproduce the sloping nature of the HB. In order to 
have self-enrichment up to such a high metallicity, a progenitor 
galaxy with which NGC 6388 and NGC 6441 may have been 
associated would have to have been much more massive than 
the Sagittarius dwarf spheroidal, or than the conjectured dwarf 
spheroidal progenitor of ui Cen. 

Recently, Raimondo et al. (2002) argued that all metal-rich 
globular clusters should have tilted red HBs. In discussing the 
specific cases of NGC 6388 and NGC 6441, they felt that the 
slopes in the red HBs were real and not artifacts of differential 
reddening. Raimondo et al. also used the point where the HB 
magnitudes increase to make the blue tail as defined in Brocato 
et al. ( 1 998) to match up more metal-poor globular clusters with 
well defined blue tails to NGC 6388. Matching the CMDs in 
this way allowed them to argue that the blue component of the 
HB of NGC 6388 cannot derive from metal-poor progenitors 
since there is not a corresponding large number of RGB stars 
blueward of the given RGB of the cluster. This provides an 
important constraint and challenge to the possibility of the blue 
HB in NGC 6388 and NGC 6441 being metal-poor. However, it 
should be noted that if NGC 6388 and NGC 6441 have metal- 
licity spreads rather than two distinct populations, the metal- 
poor RGB stars would scatter over a larger area blueward of the 
metal-rich RGB. This would serve to make the metal-poor gi- 
ant stars less conspicuous than in the case where you have two 
distinct metallicities. In any case, more studies into this hy- 
pothesis should be done and clearly, metallicity determinations 
need to be made of the RRL in NGC 6388 and NGC 6441 to 
resolve this issue. It should be noted that Raimondo et al. did 



not address the presence of long-period RRL in NGC 6388 and 
NGC 6441, and did not provide a physical explanation for the 
presence of blue HB stars in these clusters. 

5.7. Are NGC 6388 and NGC 6441 OosterhoffType II 
Globular Clusters? Evolutionary Constraints 

Our preceding discussion has indicated that there are prob- 
lems with the unambiguous classification of NGC 6388 and 
NGC 6441 into either Oosterhoff group (see also Pritzl et al. 
2000, 2001). In a recent analysis of this problem, Clement et al. 
(2001) suggested that the period-amplitude relation of the RRab 
variables in NGC 6441 is most consistent with that cluster be- 
ing classified as an Oosterhoff type II system (see also Walker 
2000). As we have seen, the RRab variables in NGC 6388 
scatter about the Oosterhoff type II region with some falling 
near the Oosterhoff type I regions of the period-amplitude di- 
agram. Several authors (Lee et al. 1990; Clement & Shelton 
1999; Clement et al. 2001) have proposed that evolution from 
ZAHB positions blueward of the instability strip may play an 
important role in determining the pulsational properties of RRL 
in Oosterhoff type II clusters. We thus need to consider whether 
the RRL in NGC 6388 and NGC 6441 could have evolved in 
this fashion from blue HB progenitors. To do this, we must 
address possible problems with the general evolutionary sce- 
nario in which RRL in Oosterhoff type II globular clusters are 
all evolving to the red from ZAHB positions on the blue HB. 

This evolutionary scenario for Oosterhoff type II RRL raises 
the following key questions: (1) Do blue HB stars spend enough 
time within the instability strip as they evolve redward to the 
asymptotic giant branch to produce the observed numbers of 
RRL in Oosterhoff type II globular clusters? (2) Does the pre- 
dicted period-effective temperature relation for a given cluster 
depend on the stellar distribution along the blue HB? (3) Is the 
predicted period-effective temperature relation independent of 
metallicity? 

Renzini & Fusi Pecci (1988) and Rood & Crocker (1989) 
have argued that blue HB stars do not spend sufficient time 
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in the instability strip to account for the observed number of 
RRL in the Oosterhoff type II clusters. We decided to reana- 
lyze these results by investigating the predicted loci and evo- 
lutionary timescales of blue HB models as they evolve across 
the instability strip in both the Hertzsprung-Russell (HR) and 
period-temperature diagrams. Given the range in metallicities 
among Oosterhoff type II clusters, and also the possibility of 
a metallicity spread in NGC 6388 and NGC 6441, we consid- 
ered four metallicity values, namely: Z = 0.0005, 0.001, 0.002 
and 0.006 which correspond to [Fe/H] values of -1.93, -1.63, 
-1.33, and -0.85 for [a/Fe] = 0.48 and -1.57, -1.27, -0.97, 
and -0.50 for [a/Fe] = 0.00. The [a/Fe] = 0.48 case is ap- 
propriate for the Z = 0.0005, 0.001, and 0.002 values. For 
Z = 0.006, the alpha elements may be somewhat less enhanced 
than at [Fe/H] < -1. In this case, a more appropriate value for 
[Fe/H] may be somewhere between the two values given. (Al- 
though the lowest value of Z does not correspond to the lower 
metallicities of globular clusters such as M15, we will see be- 
low that our conclusions would be essentially unchanged had 
we extended the range of metallicities considered to even lower 
Z values.) A helium abundance Y M s = 0.23 was assumed in all 
cases. The new HB sequences computed for this analysis are 
based on the same assumptions as the models of Sweigart & 
Catelan (1998). In addition, we assumed an instability strip 
width AlogTeff ~ 0.085 (Smith 1995), and the fundamental 
pulsation equation from van Albada & Baker (1971). 

At any given metallicity, there is a critical mass M H B,ev above 
which stars will evolve to the blue while crossing the instability 
strip, but below which stars will cross the instability strip only 
during their final redward evolution back to the asymptotic gi- 
ant branch. Therefore, MeB.ev defines the reddest possible HB 
morphology that a globular cluster could have and still produce 
exclusively redward-evolving RRL. In practice, one should ex- 
pect the actual HB morphology of any globular cluster in which 
all RRL are indeed evolving to the red to be much bluer than 
defined by MeB.ev, due to the presence of lower-mass stars — in 
other words, "real clusters" do not have delta functions for their 
HB mass distributions. They presumably cannot have higher 
HB masses than M H B,ev or else they would not be Oosterhoff 
type II in the evolutionary sense described above. Table 14 
gives the variation of MuB,ev with Z, as well as some key num- 
ber fractions in the resulting HR diagrams. 

Figure 1 1 shows the actual HB tracks for specific ZAHB lo- 
cations, where the tracks forM H B,ev are labeled "a". Tracks "b" 
and "c" start their evolution at a bluer position on the ZAHB, 
corresponding to (B-V)q = and -0. 1 ; these are estimated to 
represent the peak of the blue HB distributions in NGC 6441 
and NGC 6388, respectively— cf. Fig. 7 in Piotto et al. (1999). 
To illustrate the rate of evolution, each HB track is plotted as a 
sequence of points separated by a time interval of 200,000 yr. 
The thin vertical lines along each track denote the blue and 
red edges of the instability strip. It is obvious from Figure 1 1 
that the bluest HB stars evolve rapidly through the instability 
strip when compared to those for MnB.ev This is even more 
clearly illustrated in Figure 12 where we plot the ratio of the 
time spent in the instability strip to the time blueward of the 
instability strip for all sequences with M < M H B,ev against the 
time-averaged value of log T eS over the part of the HB track 
blueward of the instability strip. This choice for abscissa gives 
a better indication of where the stars are coming from on the 
blue HB than the ZAHB value of log T eS . Figure 12 shows how 
the fraction of the HB phase which a blue HB star spends in the 



instability strip decreases rapidly as log T e ff increases. Overall 
the variation of V /B with log T e ff is quite similar for all four 
metallicity values, although the maximum value of V /B does 
depend somewhat on the metallicity. We conclude that, on the 
basis of their evolutionary rates, only stars within a relatively 
small range in log T e ff just blueward of the instability strip have 
a significant chance of producing redward-evolving RRL, ir- 
respective of the cluster metallicity. In terms of Figure 11, this 
corresponds primarily to the region in-between "a" and "b," cor- 
responding mostly to the color range < (B-V)q < 0.2. 

The direct answer to the first question we posed at the be- 
ginning of this section is that only a relatively small portion of 
those HB stars blueward of the instability strip would spend 
enough time in the instability strip to be detected as RRL. 
Therefore, in order to produce a rich Oosterhoff type II RRL 
population, one would need to have a very strong population of 
HB stars just blueward of the instability strip. This agrees with 
the conclusions of Renzini & Fusi Pecci (1988) and Rood & 
Crocker (1989), who point out that the redward evolving blue 
HB scenario might work for globular clusters which have rela- 
tively few RRL such as M92, but not for Oosterhoff type II clus- 
ters with more substantially populated RRL instability strips, 
such as M15. Based on our ground-based data, we find that 
NGC 6388 has a V/B ratio of approximately 0.20 to 0.33 de- 
pending on whether or not we include those RRL of uncertain 
classification. The highest ratio that can be derived from the HB 
simulations discussed below is approximately 0.08 to 0.085. 
Therefore, it appears that not all of the RRL in NGC 6388 could 
have derived from redward evolving blue HB stars. 

In Figure 1 3 we have plotted the log P-log T e ff version of Fig- 
ure 1 1 . The dots are again separated by 200,000 yr, and the 
pulsation periods were calculated from van Albada & Baker 
(1971). This figure illustrates how the stars evolving from 
the blue HB occupy different loci in the log P-log T e s dia- 
gram. It is important to bear in mind, in determining the 
period-temperature distribution for a given cluster, the strong 
dependence of the V/B ratio on the HB T e g. For example, 
there would have to be about 4 times as many "b" stars as "a" 
stars to produce the same number of RRL. For the "c" stars, 
the ratio is about 50-100 times. We also found that the lo- 
cus of the corresponding tracks changes very little with metal- 
licity for Z = 0.0005, 0.001, and 0.002. For these metallici- 
ties the decrease in mass with increasing Z compensates for 
the decrease in luminosity so that there is little change in the 
period. Thus, for Oosterhoff type II metallicities, the log P- 
log T e ff relation seems more a function of where the tracks come 
from on the blue ZAHB rather than their metallicity. On the 
other hand, there is a significant difference between Z = 0.002 
and 0.006. The smaller masses of the Z = 0.006 sequences 
cannot compensate for their lower luminosities. This result 
should be kept in mind when interpreting the Oosterhoff clas- 
sification of bright, metal-rich RRL, such as V9 in 47 Tuc 
([Fe/H] ~ -0.7, [a/Fe] ~ +0.2; Carney 1996), VI in Terzan 5 
(metallicity around solar; Edmonds et al. 2001), the field star 
AN Ser ([Fe/H] ~ -0.04; Sweigart & Catelan 1998 and ref- 
erences therein) — and, of course, the RRL in NGC 6388 and 
NGC 6441. 

Figure 14 shows a set of synthetic HB simulations for the 
Z = 0.0005 case, which is a metallicity representative of typ- 
ical Oosterhoff type II globular clusters, particularly when a- 
enhancement is taken into account. These simulations were 
computed using SINTDELPHI, described in Catelan, Ferraro, & 
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FIG. 1 1 . — Evolutionary tracks for blue HB stars with heavy-element abundances Z of 0.0005, 0.001, 0.002 and 0.006. In each panel, label "a" identifies the HB 
track corresponding to the Mhb.cv value shown in Table 14. Label "b" indicates the HB track corresponding to a ZAHB position with (B— V)q = 0, which is thecolor 
of the peak of the blue HB distribution in NGC 6441; and label "c" corresponds to a ZAHB position with (B-V)q = -0.1, which is the color of the peak of the blue 
HB distribution in NGC 6388. Each track is plotted as a series of points separated by a time interval of 200,000 yr in order to indicate the rate of evolution. The two 
thin vertical lines along each track mark the blue and red edges of the instability strip. The solid curves give the ZAHB locus for each metallicity. Note the sharp 
drop in the time spent within the instability strip between tracks "a" and "c." 
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FIG. 12. — Number ratio V/B of variables to blue HB stars predicted by HB evolutionary tracks with heavy-element abundances Z of 0.0005, 0.001, 0.002 and 
0.006. The ordinate gives the ratio of the time spent within the instability strip to the time spent blueward of the instability strip for blue HB tracks that only enter 
the instability strip during the final evolution back to the asymptotic giant branch. The abscissa gives the time-averaged value of log T e ff over the part of the HB 
track blueward of the instability strip. The low temperature end of each curve is set by the mass Mhb.uv (see text). Note the sharp decline in the fraction of the HB 
lifetime spent within the instability strip as the mean HB effective temperature increases. 



Rood (2001b). In all cases, we have assumed a mass disper- 
sion a M = 0.03M Q , but truncated the (Gaussian) mass deviate 
at M H B,ev in order to ensure that any RRL present is evolving 
to the red. In order to minimize the statistical fluctuations and 
better illustrate the main trends, 1500 HB stars were used in 
each simulation. The upper left panel of Figure 14 shows the 
case in which the peak of the HB mass distribution is very close 
to "a," corresponding to an input value (Mhb} = 0.66M Q . The 
subsequent panels show the variation in HB morphology and in 
the expected RRL properties as one decreases (Mhb) in steps of 
0.015M Q . Figure 15 is the same as Figure 14, the only differ- 
ence being that the CMD was zoomed on the region around the 
instability strip, in order to better illustrate the expected RRL 
luminosity distributions. Similarly, Figure 16 shows the corre- 
sponding location of the RRL in the log P-log T e s plane. In the 
latter, both RRab and RRc variables are shown, the periods for 
the latter having been "fundamentalized" as outlined in Catelan 
(1993). The lower envelope to the distribution of variables in 
the upper left panel is overplotted on all panels; this line corre- 
sponds closely to line "a" in the upper left panel of Figure 13. 
The mean shift in periods at fixed T e s away from this line, as 
well as the corresponding standard deviation, is also indicated 
in the plots. 

Figures 15 and 16 show that, with a distribution in Mhb 
peaked around "a," a natural concentration of the RRL towards 
the locus occupied by "a" occurs. However, even for this higher 
value of (Mhb), the implied scatter in log P at fixed T c s is not 
negligible, and may easily reach AlogP w 0.05. Moreover, 
there is a tendency for the mean locus to shift towards longer 
periods with decreasing (M H b), implying that, apart from sta- 
tistical fluctuations, globular clusters are expected to produce 
a longer period shift at fixed T e g as the HB morphology gets 
bluer (see also Lee 1990). Note also that the scatter in logP 
at a fixed 7^ff also shows a tendency to increase as the HB gets 
bluer. Such intrinsic scatter often corresponds to a significant 
fraction of the separation between Clement & Shelton's (1999) 
Oosterhoff type I and type II lines (AlogP ~ 0.1). The dis- 



persion of the RRL in the log P - log T e a plane questions the 
definition of a single line where the Oosterhoff type II RRL 
should fall, even in the context of the redward evolving blue 
HB scenario; the scatter would naturally be even larger, had the 
models not been artificially truncated at MnB,ev In this sense, 
it is worth noting that, in Fig. 2 of Clement & Shelton (1999), 
RRL's deviate from the Oosterhoff type II line at fixed ampli- 
tude by - 0.02, - 0.035, and - 0.02 in log P for M9, M68, and 
M92, respectively. Scatter away from the Oosterhoff type II 
line is also apparent in Fig. 10 of Clement & Rowe (2000). 

It is important to note that the predicted period shift between 
the ZAHB and "a" is only a relatively small fraction of the ac- 
tual period shift between Clement & Shelton's (1999) lines for 
the two Oosterhoff groups. It is only when the mean Oosterhoff 
type II distribution clusters around "b," not "a," that we obtain 
a period shift of approximately the correct size. A smaller (ob- 
served) period shift would be possible if, as predicted by syn- 
thetic HB simulations, stars in Oosterhoff type I globulars en- 
compassed a relatively wide range in absolute magnitudes and 
periods at fixed color and temperature, respectively (see, e.g., 
Fig. la in Lee et al. 1990, and Figs. 2-3 in Catelan 1993). This, 
in turn, would be consistent with the results of Sandage (1990), 
who finds intrinsic scatter in the CMD and in the log P-log T e ff 
diagrams of both Oosterhoff type II and type I globulars, such 
scatter being systematically more pronounced for the latter. In 
particular, in the case of a cluster like M3, with a continuously 
populated ZAHB across the instability strip from the red HB to 
the blue HB "tail" (see, e.g., Fig. 1 in Moehler 2001), a sharp di- 
chotomy between "ZAHB" and "evolved" stars is certainly not 
predicted by the models. These results indicate that intrinsic 
scatter must be adequately taken into account when attempting 
to classify individual RRL in terms of Oosterhoff type (Clement 
& Shelton 1999; Clement & Rowe 2000). 

We can now adequately address the second and third ques- 
tions we proposed at the beginning of this section. As we 
have discussed above, in order to produce a significant number 
of RRL according to the redward evolving blue HB scenario, 
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FIG. 13. — Location of the HB evolutionary tracks from Figure 1 1 in the period-temperature plane. Periods were computed from the pulsation equation of van 
Albada & Baker (1971). Only the part of the tracks within the instability strip are plotted. Each track is labeled at the blue edge of the instability strip. As in 
Figure 1 1 the tracks are plotted as a series of points separated by a time interval of 200,000 yr. The "c" tracks evolve so rapidly that they contain only 1 or 2 
points within the instability strip. A finer time resolution would show that the "c" tracks run approximately parallel to the "a " and "b" tracks. For comparison the 
period-temperature locus of the "a" track with Z = 0.006 is plotted as a thin line in the three lower metallicity panels. Note that corresponding tracks in the panels 
for Z < 0.002 have very similar loci. In contrast, the tracks for Z = 0.006 are shifted towards shorter periods. 



a globular cluster would need to have a very strongly popu- 
lated blue HB just to the blue of the instability strip. There- 
fore, most of the RRL would fall along the same locus in the 
log P— log T e ff diagram, regardless of metallicity. However, it is 
possible to produce discrepant points in the log P-log T e s dia- 
gram from those RRL which originate from HB stars bluer than 
those found close to the instability strip. The tradeoff is that one 
would not find as many of these stars due to their rapid evolu- 
tion through the instability strip, unless of course the ZAHB 
mass distribution compensates for the variation in evolutionary 
timescales as a function of M H b- 

Regarding NGC 6388 and NGC 6441, Table 14 clearly im- 
plies that, if these clusters are Oosterhoff type II in the evolu- 
tionary sense discussed above — that is, with their RRL evolv- 
ing to the red — and if the RRL have the cluster metallicity 
Z w 0.006, then the HB morphology of the population to which 
these stars are associated must necessarily be characterized by: 

(B-R)/(B + V+R)-»0.1A 

B/(B+V+#)>0.76. (4) 
Increasing the helium abundance with increasing Z would lead 



to even more stringent requirements on the number ratios. 

Obviously, the HB morphology of either NGC 6388 or 
NGC 6441 is not at all this blue. On the contrary, both these 
clusters have predominantly red HBs. Therefore, in order for 
NGC 6388 and NGC 6441 to be Oosterhoff type II clusters 
with all their RRL evolved away from the blue ZAHB, we must 
resort to some different explanation. We have the following al- 
ternatives: 

i) Assume that all cluster stars have the same metallicity. 
Then the distribution in some quantity along the ZAHB — such 
as the total mass, helium core mass, helium abundance — must 
be intrinsically bimodal, the red HB component being decou- 
pled from the RRL plus blue HB component. Even though in 
this case the constraints on the number ratio between blue and 
red HB stars are lifted, those on the number ratio between blue 
HB and RRL stars remain very tight, with V/B < 0.3 (cf. Ta- 
ble 14). These restrictions are even more severe if the cluster 
variables have a somewhat lower metallicity than Z = 0.006 (cf. 
§5.1), as can be seen from Table 14; 

ii) We can also relax the requirement that all cluster stars 
have the same metallicity. This means that we can invoke a 
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FIG. 14. — Synthetic HB simulations of Oosterhoff type II globular clusters with all RR Lyrae evolved away from a position on the blue ZAHB. RR Lyrae are 
indicated by encircled dots. From upper left to lower right, progressively bluer HB types are shown. The input values of the mean ZAHB mass and corresponding 
dispersion are indicated in each panel. Note that, even in the upper left panel, the HB morphology does not get redder than (B-R)/(B + V +R) = +0.89, which is 
much bluer than Oosterhoff type II globulars such as M15 and M68. 



lower metallicity for the RRL plus blue HB component. Note, 
however, that, unlike in the "metallicity range" scenario of 
Sweigart (2002), the ZAHB must necessarily be depopulated in 
the RRL region, or the result will not be an Oosterhoff type II 
cluster with all RRL evolved from the blue. Therefore, a metal- 
poor component giving rise to RRL must necessarily be de- 



tached from the red HB component, with no ZAHB stars pop- 
ulating the region between the blue HB and the red HB. In 
other words, if the range in temperatures on the NGC 6441 
and NGC 6388 HBs is due to a range in metallicity, and if 
the clusters are Oosterhoff type II (with all variables evolved), 
it thus follows that their metallicity distributions must be bi- 
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FIG. 15. — As in Figure 14, but zooming on the distributions around the RR Lyrae level. Note the increasing concentration of the RR Lyrae distribution towards 
its lower envelope (which is well approximated by line "a" in the upper left panel of Figure 11) as the HB gets redder; the presence of intrinsic scatter in all the 
simulations; and the decrease in the number of variables as the HB gets bluer. 



modal. Note that this would be an even more dramatic bi- 
modality than is thought to exist in u> Cen (e.g., Pancino et al. 
2000). Such a bimodality, if indeed present, would help recon- 
cile the predicted presence of short-period (near-ZAHB) RRL 
in Sweigart's (2002) scenario with the lack of such short-period 
RRL in NGC 6388 and NGC 6441. 

It should be noted, in addition, that in either scenario the 



(sloped) red HB component must necessarily not produce RRL 
in any significant numbers, or else the "evolutionary Oosterhoff 
type II hypothesis" would break down; this, in turn, also lim- 
its the extent to which some of the physical parameters, such 
as the helium abundance, can vary along the red HB compo- 
nent (as thought to be necessary to produce the sloped HB that 
characterizes both NGC 6388 and NGC 6441 ; Sweigart & Cate- 
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FIG. 16. — As in Figure 15, but showing the logP-log T e ff distribution. A line has been drawn on all panels that corresponds to the lower envelope of the 
higher-(MnB ) distribution (which is well approximated by line "a" in the upper left panel of Figure 13). The mean shift in periods (at fixed T e ff) for each of the 
simulations is indicated, as is the corresponding standard deviation. Note the shift towards longer mean periods and the increase in the intrinsic scatter as the HB 
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Ian 1998). This is because HB stellar evolution naturally pre- 
dicts that stars commencing their HB evolution just redward 
of the red edge of the instability strip will eventually evolve 
along "blue loops" and cross the instability strip, thus becom- 
ing blueward-evolving RRL. In particular, red HB stars with 
a fairly high helium abundance, which evolve along very ex- 
tended blue loops during a significant fraction of their HB life- 
time (compare, for instance, the Y = 0.23 HB tracks in Fig. 1 
of Sweigart 1999 with the Y = 0.43 HB tracks presented in the 
same figure, as well as with the helium mixing tracks in Fig. 3 



of that paper), would lead to a population of RRL clearly vio- 
lating the assumption that RRL in Oosterhoff type II globular 
clusters are all evolving to the red. 

Given the evolutionary issues discussed above, it is conceiv- 
able that the particular selection criteria used in Clement & 
Shelton (1999) in defining their "normal" stars is too strict in 
the sense of leading to the rejection of many of those stars 
which are naturally expected to scatter around their Ooster- 
hoff types I and II lines. If so, this might alleviate the require- 
ment that RRL in Oosterhoff type II clusters be evolved away 
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from the blue ZAHB — and, conversely, that RRL in Oosterhoff 
type I clusters remain on the ZAHB during their entire life- 
times. In this sense, it is worth noting that the Z = 0.0005 case 
shown in Table 14 and Figures 11 and 13-16 should provide 
a fairly realistic description of metal-poor Oosterhoff type II 
clusters with a-elements enhanced by a factor of about three 
and with [Fe/H] ~ -2 — such as M68. However, M68 has an 
HB type (B-R)/(B + V + R) = 0.44 (Walker 1994), whereas 
(B-R)/(B + V + R) mia = 0.7 for the Z = 0.0005 case (Table 14). 
Hence it is not possible to successfully model an Oosterhoff 
type II cluster such as M68 if one requires that all its RRL have 
evolved from blue ZAHB positions. Again, this is in agree- 
ment with similar arguments put forth by Renzini & Fusi Pecci 
(1988) and Rood & Crocker (1989). 

We conclude that, if the Clement et al. (2001) suggestion that 
NGC 6388 and NGC 6441 are both Oosterhoff type II is con- 
firmed, this will most likely require a revision of the evolution- 
ary interpretation of the Oosterhoff dichotomy, suggesting that 
there may be different reasons why RRL in Oosterhoff type II 
globular clusters are brighter than those in Oosterhoff type I 
globular clusters — evolution away from the blue ZAHB being 
one such reason, but perhaps not the only one, even for metal- 
poor clusters such as M68 and M15. If, on the other hand, it 
should turn out that RRL in all Oosterhoff type II globulars are 
indeed evolved, then extant evolutionary calculations seriously 
underestimate the duration of the late stages of HB evolution. 
The latter is, in fact, a possibility that will have to be seriously 
considered in future investigations. As well known, there is 
considerable evidence pointing to redward evolution for RRL 
in Oosterhoff type II globular clusters beyond that considered 
in the present analysis — including the RRc-to-RRab number ra- 
tios and mean (secular) period change rates (Smith 1995 and 
references therein). Uncertainties currently affecting HB mod- 
els, and which may be relevant when considering this issue, 
include those directly related to HB evolution and those affect- 
ing it indirectly, by means of the properties of RGB models 
by the time they reach the tip of the RGB. Among the former 
may be listed the 12 C(o;,7) 16 reaction rates, since this reac- 
tion dominates over the triple-a reaction at the late stages of 
HB evolution, and the treatment of "breathing pulses" which 
occur when He is close to being exhausted in the cores of HB 
stars (see §2.2.4 in Catelan et al. 2001a for a related discussion 
and references). Among the latter, most important are those that 
affect the determination of the size of the He-core mass at the 
He-flash, M c . This is because HB stars which start their evolu- 
tion with efficient H-burning shells spend most of their time not 
on the ZAHB proper, but evolving on "blueward loops" in the 
HR diagram (see, e.g., Figure 1 1). The size of the blue loops is 
determined, among other things, by the balance between energy 
generation in the He-core and in the H-burning shell, thus be- 
ing strongly dependent on the value of M c (Iben & Rood 1970; 
Sweigart & Gross 1976). 

If blue HB stars evolved more directly to the red, instead of 
spending so much time evolving to the blue along these "blue- 
ward loops," HB tracks such as those depicted in Figure 11 
would spend much more time in the instability strip, so that HB 
simulations like those in Figures 14-16 would give rise to larger 
numbers of RRL. In this sense, one might suspect that, by de- 
creasing the metallicity further down with respect to the values 
that we have considered, we might also be able to suppress the 
blueward loops (e.g., Sweigart 1987). However, current models 
do not support that conclusion. Prominent blueward loops are 



also seen in models with even lower metallicities, covering the 
range in [Fe/H] that is perhaps more appropriate to Oosterhoff 
type II clusters such as Ml 5. In particular, blue loops similar to 
the ones that we find to affect the maximum possible number of 
redward-evolving RRL have also been found in the following 
studies: Sweigart (2002): Z = 0.0003 (his Fig. 1); Yi, Lee, & 
Demarque (1993): Z = 0.0001 and Z = 0.0004 (their Figs, lb 
and lc); Caloi, D'Antona, & Mazzitelli (1997): Z = 0.0001 and 
Z = 0.0002 (their Fig. 2); Dorman (1992): [Fe/H] = -2.26 and 
-2.03, oxygen-enhanced (his Figs. 2-4). This also implies that 
our arguments, dependent as they are on the occurrence of such 
blue loops, remain valid when computations are extended to- 
ward lower metallicities, and do not depend on whose sets of 
evolutionary tracks one uses. 

Metallicity effects not being a tenable explanation, analysis 
of a possible increase in M c thus becomes the next logical step 
in the search for a way to reduce the size of the blue loops 
and thus produce larger numbers of redward-evolving RRL in 
Oosterhoff type II clusters. In fact, an increase in M c was earlier 
suggested by Castellani & Tornambe (1981) and Catelan (1992) 
as a possible way to help account for the evolutionary proper- 
ties of RRL in Oosterhoff type II globulars. The value of M c 
is uncertain due to a variety of factors, as extensively discussed 
by Catelan, de Freitas Pacheco, & Horvath (1996) and Salaris, 
Cassisi, & Weiss (2002). Particularly noteworthy is the current 
lack of reliable electron conductive opacities for the physical 
conditions characterizing the interiors of RGB stars. Outside 
the canonical framework, the interplay between stellar rotation 
and the value of M c has still not been firmly established; it is 
certainly a possibility that rapidly rotating RGB cores will be 
able to attain higher masses by the time of the He-flash than 
non-rotating RGB cores (Mengel & Gross 1976). 

Due to these uncertainties, it remains unclear whether the 
failure of the current generations of HB models to account for 
the properties of Oosterhoff type II globulars is fatal to the evo- 
lutionary scenario, or whether future improvements in the in- 
put physics and in producing realistic models of HB and RGB 
stars will prove that the evolutionary scenario is indeed the cor- 
rect explanation. What is clear, at present, is that the evolu- 
tionary interpretation of the Oosterhoff dichotomy is far from 
being conclusively settled — and even more so in the cases of 
NGC 6388 and NGC 6441, whose detailed properties differ 
in several important respects from those of typical Oosterhoff 
type II globulars. 

6. SUMMARY AND CONCLUSIONS 

The unusual horizontal branch morphology in NGC 6388 is 
confirmed in this ground-based study. Typical of a metal-rich 
globular cluster, NGC 6388 contains a strong red component to 
the horizontal branch. A blue component can also be seen ex- 
tending through the instability strip, sloping upward in V with 
decreasing (B—V). This second-parameter effect cannot be ex- 
plained by age or increased mass loss along the red giant branch 
(Sweigart & Catelan 1998). It may also be that NGC 6388 has 
a spread in metallicity, so that the blue component would then 
be due to a lower metallicity. 

The number of known RR Lyrae has been increased to 14. 
The periods of the RRab stars are found to be unusually long 
for the metallicity of NGC 6388. In fact, as seen in a period- 
amplitude diagram comparing NGC 6388 to other globular 
clusters, the periods for the RRab stars are as long as, if not 
longer than, those found in Oosterhoff type II clusters. A small 
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number of long period RRc stars were found in NGC 6388, 
resulting in a smaller than expected gap between the shortest 
period RRab and longest period RRc stars. Long period RRc 
stars are uncommon in globular clusters with the exceptions of 
uj Cen and NGC 6441 . 

The reddening was determined to be E(B-V) = 0.40 ± 
0.03 mag with some differential reddening for NGC 6388. The 
mean V magnitude for the horizontal branch from the RR Lyrae, 
excluding the possible field RR Lyrae V26 and V34, was found 
to be 16.85 ±0.05 mag leading to a range in distance of 9.0 to 
10.3 kpc, depending on the adopted HB absolute magnitude. 

Four candidate Population II Cepheids were found in the 
field of NGC 6388. Although their existence agrees with the 
extended blue tail in NGC 6388, their likely membership makes 
NGC 6388 the most metal-rich globular cluster known to con- 
tain Population II Cepheids. However, such stars may still be 
fairly metal-poor, in the case there is an internal metallicity 
spread in the cluster. The distance of NGC 6388 derived from 
the Cepheids is 10.6 kpc. 

NGC 6388 does not appear to fit in to the typical Ooster- 
hoff classification scheme. The long periods of the RRab in 
NGC 6388 contradict the trend of increasing period with de- 
creasing metallicity, for a given amplitude. If there is no spread 
in metallicity in NGC 6388, this implies that the metallicity- 



luminosity relationship for RR Lyrae is not universal. We pro- 
vide a detailed discussion, based on theoretical HB models and 
simulations, of the recent suggestion that NGC 6441 — and, by 
analogy, NGC 6388 — can be classified as Oosterhoff type II, 
also confirming previous difficulties in accounting for the Oost- 
erhoff dichotomy in terms of an evolutionary scenario. 
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Table 1 

Mean Differences in Photometry 



Reference 


Ay 


AB 


Alcaino 


0.03±0.02 


0.02±0.03 


Silbermann et al. 


0.007±0.008 


-0.004±0.008 


HST 


0.035±0.007 


0.025±0.010 



Note. — difference = reference magnitude - mag- 
nitude in present study 
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Table 2 
Locations of Variable Stars 



ID 


X 


Y 


Aa (2000) 


AS (2000) 


Classification 


V4 


1560.0 


999.9 


-192.2 


26.0 


LPV 


V12 


1228.2 


1067.0 


-60.7 


-0.8 


LPV 


V14 


1532.5 


1858.0 


-184.0 


-310.9 


Binary 


V16 


1743.4 


447.1 


-263.2 


243.2 


RRL 


V17 


1170.8 


1129.4 


-38.1 


-25.4 


RRL 


V18 


1147.5 


949.0 


-28.3 


45.4 


P2C 


V20 


938.0 


965.0 


54.9 


38.8 


RRL 


V21 


911.2 


722.6 


66.3 


133.9 


RRL 


V22 


901.0 


1076.3 


69.2 


-4.9 


RRL 


V23 


1528.6 


1016.9 


-179.8 


19.3 


RRL 


V26 


793.3 


1228.3 


111.5 


-64.7 


RRL 


V27 


923.4 


1106.7 


60.2 


-16.8 


RRL 


V28 


1014.8 


1194.5 


23.7 


-51.1 


RRL 


V29 


1124.4 


1052.1 


-19.4 


4.9 


P2C 


V30 


951.3 


1089.8 


49.2 


-10.1 


RRL 


V31 


768.4 


823.1 


122.7 


94.3 


RRL 


V32 


1170.9 


1138.8 


-38.1 


-29.1 


RRL 


V33 


907.3 


854.0 


67.4 


82.4 


RRL 


V34 


1562.0 


1184.7 


-193.6 


-46.6 


RRL 


V35 


898.0 


535.9 


72.1 


207.2 


RRL 


V36 


1004.7 


1025.3 


28.2 


15.3 


P2C 


V37 


1072.7 


1127.3 


0.9 


-24.7 


P2C 


V38 


1088.9 


1638.4 


-7.2 


-225.3 


Binary 


V39 


815.2 


9.6 


106.7 


413.7 


Binary 


V40 


904.7 


525.6 


69.5 


211.3 


Binary 


V41 


62.1 


332.7 


404.6 


285.8 


Binary 


V42 


456.0 


620.1 


247.3 


173.6 


Binary 


V43 


1467.1 


1010.7 


-155.3 


21.6 


Binary 


V44 


1607.4 


1151.7 


-211.5 


-33.6 


S Scuti or SX Phe 


V45 


649.7 


341.7 


171.3 


283.1 


LPV 


V46 


1283.6 


1158.4 


-82.9 


-36.6 


LPV 


V47 


359.0 


1523.1 


283.0 


-181.0 


LPV 


V48 


1004.9 


1030.6 


28.1 


13.2 


RRL? 


V49 


1048.9 


1168.0 


10.2 


-40.7 


RRL? 


V50 


1130.0 


1006.1 


-21.5 


23.0 


RRL? 


V51 


1006.9 


1134.3 


27.0 


-27.5 


RRL? 


V52 


1530.4 


1564.3 


-182.2 


-195.6 


RRL? 


V53 


1278.0 


973.1 


-80.1 


36.1 


RRL? 


V54 


1589.2 


1115.1 


-204.1 


-19.2 


Binary 


V55 


1037.2 


1229.8 


14.7 


-65.0 


RRL? 


V56 


1130.4 


1097.4 


-22.1 


-13.8 


RRL? 


V57 


1821.4 


571.7 


-294.6 


194.4 


Binary 
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Table 3 

Mean Properties of Pulsating Variable Stars with P < 1 d 



ID 


Period 


(V) 


(B-V) mag 


A v 


A B 


Comments 


V16 


0.251 


16.895 


0.538 


0.26 


0.31 


c 


V17 


0.611 


16.525 


0.687 


0.85 


1.15 


ab 


V20 


0.467 


16.787 


0.447 


0.36 


0.46 


c 


V21 


0.814 


17.030 


0.760 


0.87 


1.15 


ab 


V22 


0.587 


16.858 


0.706 


1.12 


1.57 


ab 


V23 


0.338 


16.893 


0.520 


0.48 


0.65 


c 


V26 


0.239 


17.403 


0.522 


0.38 


0.51 


c; Field? 


V27 


0.365 


16.953 


0.585 


0.46 


0.67 


c 


V28 


0.840 


16.820 


0.824 


0.80 


1.05 


ab 


V30 


0.951 


16.766 


0.863 






ab? 


V31 


0.341 


17.031 


0.550 


0.52 


0.70 


c 


V32 


0.522 


16.578 


0.598 


0.42 


0.52 


c, SI 


V33 


0.558 


16.747 


0.712 


0.29 


0.42 


c 


V34 


0.236 


17.409 


0.544 


0.36 


0.50 


c; Field? 


V35 


0.300 


17.041 


0.525 


0.18 


0.23 


c 


V44 


0.080 


18.082 


0.533 


0.50 


0.67 


<5 Scuti or SX Phe 


V48 


0.355 


16.574 


0.421 




0.34 


c? 


V49 


0.384 


16.925 


0.628 


0.52 


0.65 


c?, S2 


V50 


0.364 


16.898 


0.965 


0.54 




c? 


V51 


0.397 


16.604 


0.733 


0.34 


0.48 


c? 


V52 


0.387 


16.686 


0.661 


0.23 


0.55 


c? 


V53 


0.986 


16.868 


0.773 






ab?, S3 


V55 


0.489 


16.795 


0.649 






c? 


V56 


0.552 


16.825 


0.687 






c? 
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Table 4 



Photometry of the Variable Stars (V) 





V16 


V17 


HJD-2450000 


V <T V 


V <T V 



966 


.266 


16 


.787 


0. 


,018 


16 


.365 


0. 


,064 


959 


.172 


16 


.970 


0, 


,017 


16 


.724 


0. 


.035 


959 


.237 


16. 


.791 


0, 


.019 


16 


.782 


0. 


,025 


960 


.112 


17. 


001 





,018 


16 


,277 


0, 


.018 


960 


.212 


16 


.837 


0, 


,018 


16 


,532 


0, 


.033 


961 


.301 


16. 


.829 


0, 


,018 


16 


,219 


0, 


.028 


961 


.335 


16 


.937 


0, 


,018 


16, 


,272 


0, 


.022 


961 


.367 


17. 


008 


0, 


,019 


16, 


.406 


0, 


.025 


962 


.065 


16. 


.850 


0, 


,017 


16 


.565 


0, 


,036 


962 


.117 


16. 


,988 


0, 


.032 


16 


.544 


0, 


.053 


962 


.155 


17. 


,029 


0, 


,017 


16 


,629 


0, 


.074 


962 


.216 


16. 


,845 


0, 


,021 


16 


,747 


0, 


.071 


962 


.257 


16. 


,760 


0, 


,018 


16 


.789 


0, 


.059 


962 


.294 


16. 


,797 


0, 


,019 


16 


,760 


0, 


.113 


962 


.330 


16. 


,883 


0, 


,022 


16. 


,879 


0, 


,060 


965 


.076 


16. 


.844 


0, 


,018 


16 


,473 


0, 


.024 


965 


.114 


16. 


.955 


0, 


,018 


16 


,532 


0, 


.048 


965 


.146 


17. 


.014 


0, 


,021 


16 


,558 


0, 


.065 


965 


.183 


17. 


.016 


0, 


,018 


16 


,595 


0, 


.047 


965 


.216 


16. 


.926 





.016 


16 


.660 


0, 


,036 


965 


.248 


16. 


.801 


0, 


.016 


16 


.716 


0, 


,039 


965 


.280 


16. 


,775 


0, 


,018 


16 


,733 


0, 


.053 


965 


.313 


16. 


,820 


0, 


,016 


16 


,753 


0, 


,058 


965 


.346 


16. 


,901 





.019 


16 


.783 


0, 


.063 


966 


.062 


16. 


,804 


0, 


.018 


16 


,881 


0, 


,058 


966 


.094 


16. 


,878 


0, 


,017 


16, 


.600 


0, 


,045 


966 


.135 


16 


,982 


0, 


,017 


16 


Oil 


0, 


.055 


966 


.167 


17. 


.026 


0, 


,018 


16 


,056 


0, 


.060 


966 


.203 


16. 


.984 


0, 


.016 


16 


.185 


0, 


.060 


966 


.233 


16 


.867 


0, 


,016 


16 


.291 


0, 


,065 


966 


.327 


16 


.839 


0, 


.019 


16 


,516 


0, 


.075 


967 


.050 


16. 


,776 


0, 


,020 


16 


.674 


0. 


,043 


967 


.082 


16. 


.843 


0, 


,018 


16 


,715 


0, 


,065 


967 


.114 


16 


,921 


0, 


,018 


16, 


.756 


0, 


,060 


967 


.146 


16. 


.996 





,017 


16 


,731 


0, 


,089 


967 


.188 


17. 


.018 


0, 


,016 


16 


,820 


0, 


,055 


967 


.243 


16. 


.848 


0, 


,018 


16, 


,886 


0, 


,055 


967 


.276 


16 


,774 


0, 


,016 


16 


.862 


0, 


.069 


967 


.308 


16. 


.788 


0, 


,016 


16, 


.696 


0, 


.051 


967 


.345 


16. 


,869 


0, 


,018 


16 


.084 


0, 


.070 


968 


.056 


16. 


.786 


0, 


,018 


16, 


.295 


0, 


,026 


968 


.089 


16. 


.840 


0, 


,017 


16 


,412 


0, 


.032 


968 


.122 


16. 


,921 


0, 


,017 


16 


.498 


0, 


.032 


968 


.163 


17. 


009 


0, 


.018 


16 


,532 


0, 


.024 


968 


.195 


17. 


.014 


0, 


,017 


16 


.598 


0, 


.031 


968 


.236 


16. 


.889 


0, 


,017 


16 


.614 


0, 


,029 


968 


.274 


16 


.779 


0, 


.017 


16 


.662 


0, 


.031 


968 


.307 


16. 


.775 





,017 


16 


.702 


0, 


,021 



Note. — The complete version of this table is in the 
electronic edition of the Journal. The printed edition con- 
tains only a sample. 
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Table 5 

Photometry of the Variable Stars (B) 





V16 


V17 


HJD-2450000 


B <T B 


B a B 



966 


.274 


17 


.287 


0. 


,012 


17. 


,103 


0, 


,072 


959 


,183 


17 


.491 


0, 


Oil 


17, 


,474 


0, 


,040 


959 


,246 


17 


.299 


0, 


.014 


17, 


,541 


0. 


.031 


960, 


,120 


17 


.584 


0, 


,013 


16, 


,897 


0, 


.017 


961 


.309 


17 


.377 


0, 


,008 


16 


.709 


0, 


.059 


961 


,343 


17 


.509 


0, 


.010 


16, 


,847 


0, 


.031 


962 


,057 


17 


.386 


0, 


,014 


17, 


,249 


0, 


.031 


962 


.097 


17 


.473 


0, 


,012 


17, 


,274 


0, 


.039 


962 


,147 


17 


.598 


0, 


Oil 


17, 


.326 


0, 


,076 


962 


,188 


17 


.520 


0, 


,007 


17, 


,481 


0, 


,078 


962 


.205 


17 


.437 


0, 


,006 


17, 


.525 


0, 


.073 


962 


.228 


17 


.327 


0, 


,007 


17, 


,535 


0. 


,066 


962 


.265 


17 


.260 


0, 


Oil 


17, 


,581 


0, 


.073 


962, 


.302 


17 


.343 


0, 


,017 


17, 


.675 


0, 


,092 


962, 


,337 


17 


.450 


0, 


,020 


17, 


.649 


0, 


.057 


965 


,068 


17 


.365 


0, 


,013 


17, 


.072 


0, 


.018 


965, 


.106 


17 


.487 


0, 


.014 


17, 


,201 


0, 


.033 


965 


,138 


17 


.582 


0, 


.014 


17, 


,283 


0, 


.068 


965 


,191 


17 


.564 


0, 


.008 


17, 


.338 


0, 


.037 


965 


,223 


17 


.432 


0, 


,007 


17, 


.413 


0, 


,039 


965 


,255 


17 


.288 


0, 


,007 


17, 


.544 


0, 


,061 


965 


.288 


17 


.296 


0, 


,008 


17, 


.523 


0, 


,055 


965. 


.320 


17 


.354 


0, 


.010 


17, 


,550 


0, 


,055 


965, 


.354 


17 


.471 


0, 


,017 


17, 


,626 


0, 


,060 


966 


,054 


17 


.296 


0, 


,017 


17, 


,679 


0, 


,058 


966 


086 


17 


.394 


0, 


Oil 


17, 


,404 


0, 


.051 


966 


,127 


17 


.513 


0, 


Oil 


16, 


,512 


0, 


.048 


966 


,159 


17 


.582 


0, 


Oil 


16, 


,517 


0, 


.061 


966 


,195 


17 


.563 


0, 


,007 


16, 


,698 


0, 


.055 


966 


,241 


17 


.355 


0, 


,007 


16. 


.924 


0, 


,060 


966 


,334 


17 


.388 


0, 


,013 


17. 


,277 


0, 


,068 


967 


.058 


17 


.281 


0, 


,018 


17. 


,467 


0. 


,059 


967 


,090 


17 


.381 


0, 


,018 


17, 


.542 


0, 


.073 


967 


,121 


17 


.483 


0, 


Oil 


17, 


.564 


0, 


,068 


967 


,154 


17 


.571 





,008 


17, 


.553 


0, 


,070 


967 


,195 


17 


.578 


0, 


.007 


17, 


.623 


0, 


.073 


967, 


,235 


17 


.402 





.008 


17, 


.634 


0, 


.051 


967, 


,268 


17 


.298 


0, 


,007 


17, 


,664 


0, 


063 


967. 


300 


17 


.281 





Oil 


17, 


,507 


0, 


.050 


967 


,337 


17 


.377 


0, 


.012 


16, 


,814 


0, 


.054 


968 


,046 


17 


.276 


0, 


.017 


16, 


.804 


0, 


,030 


968 


.081 


17 


.345 





Oil 


16, 


.966 


0, 


,024 


968 


.115 


17 


.443 


0, 


.008 


17, 


,107 


0, 


,025 


968 


.155 


17 


.576 


0, 


Oil 


17, 


,217 


0, 


.019 


968 


.187 


17 


.590 


0, 


,010 


17, 


.263 


0, 


.021 


968 


.249 


17 


.364 





.007 


17, 


.357 


0, 


.025 


968 


.282 


17 


.281 


0, 


.007 


17, 


.399 


0, 


.020 


968. 


,315 


17 


.306 


0, 


.007 


17, 


,470 


0, 


.024 



Note. — The complete version of this table is in the 
electronic edition of the Journal. The printed edition con- 
tains only a sample. 
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Table 6 

Fourier Coefficients for the RR Lyrae 



1 U 


A 

A\ 


A 


A 

^31 


A 

A4I 


4>2l 


931 


<pA\ 




Classification 


V16 


0.128 


0.094 


0.031 


0.012 


4.760 


3.216±0.374 


1.909 




RRc 


V17 


0.295 


0.583 


0.360 


0.196 


4.294 


2.222±0.068 


0.477 


5.35 


RRab 


V20 


0.180 


0.094 


0.092 


0.050 


2.430 


5.393±0.347 


3.854 




RRc 


V21 


0.332 


0.456 


0.191 


0.098 


4.577 


2.879±0.092 


1.068 


9.01 


RRab 


V22 


0.391 


0.544 


0.337 


0.203 


4.295 


2.196±0.035 


0.524 


3.10 


RRab 


V23 


0.236 


0.082 


0.035 


0.071 


3.968 


4.390±0.323 


2.982 




RRc 


V26 


0.197 


0.128 


0.030 


0.030 


4.624 


2.669±0.552 


2.585 




RRc 


V27 


0.234 


0.068 


0.042 


0.048 


4.673 


5.496±0.506 


3.332 




RRc 


V28 


0.331 


0.397 


0.133 


0.081 


4.592 


2.973±0.117 


1.429 


13.17 


RRab 


V31 


0.257 


0.083 


0.055 


0.055 


4.044 


5.082±0.182 


3.207 




RRc 


V32 


0.187 


0.218 


0.142 


0.111 


3.377 


0.206±0.260 


4.277 




RRc 


V33 


0.132 


0.214 


0.130 


0.027 


3.229 


0.674±0.188 


5.040 




RRc 


V34 


0.187 


0.130 


0.085 


0.056 


4.234 


3.017±0.173 


2.268 




RRc 


V35 


0.093 


0.037 


0.020 


0.026 


4.340 


5.924±0.859 


1.672 




RRc 


V48 


0.152 


0.070 


0.157 


0.067 


4.334 


4.345±0.594 


3.766 




RRc? 


V49 


0.234 


0.054 


0.097 


0.109 


3.291 


6.002±0.422 


3.480 




RRc? 


V50 


0.242 


0.036 


0.116 


0.126 


4.355 


5.997±0.392 


4.553 




RRc? 


V51 


0.174 


0.077 


0.106 


0.053 


2.772 


5.139±0.291 


4.591 




RRc? 


V52 


0.144 


0.111 


0.205 


0.286 


4.188 


3.479± 1.458 


3.541 




RRc? 


V53 


5.838 


0.621 


0.264 


0.402 


0.179 


3.366±1.186 


3.655 




RRab? 


V55 


0.098 


0.577 


0.762 


0.758 


1.511 


4.910±0.192 


2.133 




RRc? 


V56 


0.171 


0.054 


0.236 


0.095 


5.967 


1.148±0.352 


0.170 




RRc? 



Table 7 
Reddening Determinations 



ID 


E(B-V) 


V17 


0.365 


V21 


0.388 


V22 


0.405 


V28 


0.431 



Table 8 

Mean Properties of Cepheid Variables 



ID 


Period 


(V) 


(B-V)mag 


A v 


A B 


V18 


2.89 


15.616 


0.975 


0.77 


1.20 


V29 


1.88 








1.05 


V36 


3.10 


15.558 


0.850 


1.05 


1.45 


V37 


10.0 


14.707 


1.173 
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Table 9 

Mean Properties of Binary Stars 



1JJ 


Period 




(o-Vjmag 


A v 


Ab 


Comments 


V14 


2.16 


16.179 


0.511 


1.30 


1.30 


Detached 


V38 


0.412 


18.270 


1.092 


0.46 


0.56 


Contact 


V39 


0.537 


17.996 


0.751 


0.28 


0.30 


Contact 


V40 


0.311 


18.806 


1.106 


0.39 




Contact 


V41 


1.71 


17.364 


0.656 


2.20 


2.80 


Detached 


V42 


1.82 


15.724 


0.251 


0.48 


0.52 


Detached 


V43 


2.02 


19.606 


0.800 


1.22 


1.50 


Detached 


V54 


0.366 


19.447 


0.872 


0.67 


0.72 


Contact 


V57 


0.278 


19.116 


1.082 


0.80 


0.80 


Contact 



Table 10 
Cluster properties 



Cluster 


Type 


[Fe/H] 




(Pc) 


N C /N RR 


M3 


Ool 


-1.6 


0.56 


0.32 


0.16 


M15 


Oo II 


-2.2 


0.64 


0.38 


0.48 


NGC 6388 


? 


-0.6 


0.71 


0.36 


0.71 


NGC 6441 


? 


-0.5 


0.75 


0.38 


0.31 



Table 11 
RRc Parameters 



ID 


M/M 


log (L/L ) 


?eff 


M v 


V16 


0.53 


1.60 


7583 


0.87 


V23 


0.46 


1.66 


7352 


0.76 


V31 


0.39 


1.63 


7424 


0.76 


V34 


0.54 


1.58 


7621 


0.87 


Mean 


0.48±0.07 


1.62±0.04 


7495 ±128 


0.82±0.06 



Table 12 



RRab Parameters 



ID 


M/M 


log (L/L Q ) 


log r ef f 


M v 


[Fe/H] 


V17 


0.55 


1.67 


3.82 


0.78 


-1.12 


V21 


0.51 


1.70 


3.81 


0.55 


-1.33 


V22 


0.54 


1.64 


3.83 


0.77 


-1.02 


V28 


0.57 


1.73 


3.80 


0.52 


-1.35 


Mean 


0.56±0.03 


1.69±0.04 


3.82±0.01 


0.66±0.14 


-1.21±0.16 



Table 13 

Population II Cepheid Distance Estimates 



ID 


M v 


M B 


m ,v 


m ,B 


dy 


d B 


V18 


-0.79 


-0.37 


14.336 


14.951 


10.6 


11.6 


V29 


-0.49 


-0.12 




14.395 




8.0 


V36 


-0.84 


-0.41 


14.278 


14.768 


10.6 


10.9 


V37 


-1.11 


-0.37 


13.427 


14.240 


8.1 


8.4 
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Table 14 

Reddest Possible HB Morphology of an Oosterhoff Type II Cluster 



Z M HB ,ev (B-R)/(B + V+R) min V/(fi + V + fl) max B/(B + V + R) mil 



0.0005 0.6668 0.729 0.193 0.768 

0.001 0.6313 0.823 0.127 0.848 

0.002 0.6042 0.839 0.121 0.859 

0.006 0.5691 0.740 0.218 0.761 



